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ABSTRACT

Ever growing demand for plastic products requires that manufacturers seek out
increasingly sustainable alternatives as part of their business models, such as
the use of green processes and low-cost and renewable materials. Due to their
high specific area, nanomaterials present a high potential for the reinforcing of
polymer matrices. As part of this research, the use of silk-floss (Ceiba speciosa)
in the production of nanofibers obtained through means of a green process was
studied without the use of chemical treatments. Silk-floss is essentially
considered a hydrophobic lignocellulosic fiber due to the presence of waxes and
lipids on its surface. The work performed under this study consisted of seeking
out optimal conditions for preparation of these nanofibers, which involving the use
of an advance cold milling, followed by the use of ethanol (NT2) or an
ethanol/water (NT1) mixture in order to disperse fibers and obtain nanofibers in
a colloidal mill. In order to compare results, nanofibers were also prepared using
silk-floss treated with NaOH. Water (T5), ethanol (T4) or ethanol/water (T3) was
used as a dispersion medium. Nanofibers were studied based on FTIR, XPS,
DSC, dynamic viscosity, contact angle, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The applied chemical treatment altered
nanofibers’ morphology. Composites were prepared using 1.3 and 5% w/w NT1
and NT2 in the form of powder and a poly(lactic acid) — PLA matrix, as well as
composites containing 1.3 and 5% w/w of NT1 and NT2 in the form of dispersions
and a poly(vinyl acetate) — PVAc matrix. Composites reinforced using NT1 and
NT2 dispersions presented a shear strength that was 229% to 295% higher than
the PVAc matrix. It was concluded that the green process developed for the
production of silk-floss nanofibers is efficient, and the use of ethanol is preferable
over the use of ethanol/water during nanofiber dispersions. It was also expected
that an NT2 content of less than 1% w/w would provide a high level of

reinforcement.

Keywords: natural fibers, lignocellulosic fibers, cellulose nanofibers, in situ
synthesis of polymer nanocomposites



RESUMO

A alta e crescente demanda por produtos plasticos exige que as industrias
busquem alternativas mais sustentaveis em seus negocios, tais como o uso de
processos verdes e materiais de baixo custo e de fonte renovavel. Devido a sua
alta area especifica, os nanomateriais apresentam um alto potencial reforcador
para matrizes poliméricas. Neste trabalho foi estudado o uso da paina (Ceiba
speciosa) para a producdo de nanofibras obtidas em um processo verde, sem o
uso de tratamentos quimicos. A paina é uma fibra lignocelulésica essencialmente
hidrofébica, devido a presenca de ceras e lipideos em sua superficie. O trabalho
consistiu na busca de condi¢Bes 6timas para a preparacdo dessas nanofibras
que foram o uso de uma moagem prévia a frio, seguido do uso de etanol (NT2)
ou etanol/agua (NT1) para a disperséo das fibras e obtencédo das nanofibras em
um moinho coloidal. Para fins de comparacéo de resultados, foram preparadas
também nanofibras com paina tratada com NaOH e usando agua (T5), etanol
(T4) ou etanol/dgua (T3) como meio de dispersdo. As nanofibras foram
caracterizadas por FTIR, XPS, DSC, viscosidade dinamica, angulo de contato,
microscopia eletrébnica de varredura (MEV) e de transmissdo (MET).O
tratamento quimico alterou a morfologia das nanofibras. Foram preparados
compaositos com 1,3 e 5% p/p de NT1 e NT2 na forma de p6 e matriz de poli(acido
lactico) — PLA e, compdsitos com 1,3 e 5% p/p de NT1 e NT2 na forma de
dispersdes e matriz de poli(acetato de vinila) — PVA. Os compadsitos reforgcados
por dispersdes de NT1 e NT2 apresentaram resisténcia a tracao 229% a 295%
maiores do que a matriz de PVA. Foi concluido que o processo verde
desenvolvido para a producdo de nanofibras de paina é eficiente, que o uso de
etanol € melhor do que o uso de etanol/agua nas dispersdes de nanofibras e que
provavelmente com teores menores do que 1% p/p de NT2, um alto reforco pode

ser obtido.

Palavras-chave: fibras naturais, fibras lignocelulésicas, nanofibras de celulose,

compdésitos poliméricos nanocompasitos in situ
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1 INTRODUCTION

Obtaining cellulose nanofibers has proven to be a promising field of research of
considerable interest for several different areas of industry and science, including
engineering, biotechnology, advanced materials, and nanotechnology. Nanocellulose is a
sustainable and renewable material that presents uniqgue mechanical and
physical/chemical properties and has aroused the interest of researchers.

One of the key inspirations behind the study of nanocellulose is its high surface-to-
volume ratio, which allows excellent results to be obtained through the use of small
amounts of material. Additionally, nanocellulose presents an extensive mechanical
strength, low density, transparency, and a capacity for forming three-dimensional networks,
which makes it a versatile material with the potential to be applied in various areas.

The pulp and paper industry has recently incentivized the search for new materials
that can be obtained from renewable and sustainable sources, such as nanocellulose. As
a result, nanocellulose is seen as a promising alternative that will allow conventional
materials to be replaced across a range of applications. The most common plant fibers
used to obtain nanocellulose described in existing literature include wood, cotton,
sugarcane, sisal, coconut, curaua, agave, sugarcane bagasse, soybeans and corn
residues (ANNUNCIADO ET AL., 2005; COSTA ET AL., 2015; CRUZ-ESTRADA ET AL.,
2016; DEEPA ET AL ., 2015; DO NASCIMENTO ET AL., 2015; DUNGANI ET AL., 2016;
JAIN & PRADHAN,

2016; PALACIOS HINESTROZA ET AL., 2019; TRIFOL ET AL., 2017).

Leal (2018) studied the use of silk-floss (Ceiba speciosa) as a raw material in
obtaining cellulose nanofibers. As part of this very promising study, Leal noted that the
PVAc matrix’s mechanical strength increased 518% after 0.5% cellulose nanofibers were
added. However, as part of the same report, Leal (2018) identified certain challenges, such
as the fact that silk-floss presents water repellent characteristics due to its hydrophobicity
(97.6%, Annunciado et al., 2005), which hinders its interaction with water during processing
of the material. This natural characteristic of silk-floss fiber results from the presence of

waxes and lipids on its surface.

Within this context, silk-floss may be highlighted as a potential source of
nanocellulose. Silk-floss is a tree species found in several regions of the world, including
Brazil and Mexico. Its composition includes a high cellulose content. The use of silk-floss
as a source of nanocellulose may make this species a valuable means of reducing the cost

of nanocomposites because silk-floss nanocellulose presents a high reinforcing potential



even when a low amount of nanomaterial content is used, in addition to promoting the use
of renewable sources within the industry.

Starting with the work initiated by Leal, and seeking to understand how waxes
behave when obtaining cellulose nanofibers, in addition to seeking out new methods for
using silk-floss to obtain nanofibers, the scientific research described herein aims to
propose a new method of obtaining nanocellulose from silk-floss fibers, as well as

evaluating nanofibers and using them in polymeric composites.



2 JUSTIFICATION FOR RESEARCH

Studying the acquisition and characterization of cellulose nanofibers taken from the
silk-floss is important for several reasons. Firstly, cellulose is one of the most abundant
materials found in nature and is used in a range of applications, from food products to
building materials. Cellulose nanofibers exhibit a number of unique properties, including a
high level of mechanical strength and stiffness, as well as a large specific area, which make
them very attractive in the production of polymer composites. Secondly, silk-floss presents
a unique morphology when compared to other lignocellulosic fibers. It is a hydrophobic
material, which may provide an advantage in incorporating silk-floss nanofibers into the in
situ production of nanocomposites during polymerization or during extrusion processing.
Finally, as identified by Leal (2028), silk-floss nanofibers present a high reinforcement
potential. Additionally, the method used to produce cellulose nanofibers using silk-floss is
relatively simple and exclusively involves the use of mechanical milling and refining
equipment. Studying means of obtaining and the characterization of cellulose nanofibers
obtained from silk-floss may therefore contribute to the development of new sustainable,

economically viable, and high-performance materials.



3 OBJECTIVES

3.1 GENERAL OBJECTIVES

Obtain and characterize partially hydrophobic cellulose nanofibers (CNF) abstracted

from silk-floss fibers (Ceiba speciosa) through mechanical means (Green Process), for use

in reinforcing polymeric matrices such as poly (lactic acid) - (PLA) and poly(vinyl acetate)

- (PVAC).

3.2 SPECIFIC OBJECTIVES

Specific objectives for this research include:

a.

Provide a physical/chemical and morphological characterization of the
natural silk-floss fibers.

Study the influence of chemical treatment on the physical/chemical and
morphological characteristics of silk-floss fiber.

Compare cellulose nanofibers obtained both with and without prior chemical
treatment.

Evaluate the physical/chemical and morphological properties of cellulose
nanofibers obtained with and without prior chemical treatment.

Add dried and/or dispersed cellulose nanofibers to PLA matrices.

Evaluate the effect of dry cellulose nanofibers and/or dispersion on PVAc
matrices.

Provide a physical/chemical and mechanical characterization of PLA and
PVAc composites.



4 HYPOTHESIS

This study will focus on the possibility of producing silk-floss nanofibers without the
use of chemical treatments in order to avoid generating polluting effluents while addressing
challenges involved in processing the material, i.e. developing a Green Process used to
Obtain silk-floss nanofibers. The potential of using silk-floss as a raw material to obtain
cellulose nanofibers through mechanical means without the need for superficial chemical
treatments, stems from the possibility of extracting cellulose fibers directly from the
structure of the silk-floss, without the use chemicals. The mechanical process used to
produce cellulose nanofibers from silk-floss is relatively simple and involves separating
cellulose fibers through mechanical milling and the use of refining equipment. The cellulose
fibers obtained from the silk-floss present a morphological structure that differs from the
cellulose fibers produced through other means, as well as a more hydrophobic surface,
which makes them an excellent candidate for use as a reinforcement in polymeric
composites. Additionally, the use of silk-floss as a raw material in the production of
cellulose nanofibers may constitute a sustainable and economically viable alternative for
industries, since silk-floss presents a relatively low level of visibility compared to cotton and

is currently inexpensive given that it is largely used in artisanry.



5 REVIEW OF EXISTING LITERATURE

5.1 LIGNOCELLULOSIC FIBERS

Lignocellulosic fibers primarily consist of lignin, hemicellulose, and cellulose and a
smaller number of other components. Lignin is an amorphous macromolecule, which
provides bundles of cellulose fibers with increased stiffness and firmness, while cellulose
and hemicellulose are polysaccharides that differ from one another in two aspects: (i)
cellulose has a linear structure, while hemicellulose is a branched molecule; (ii) cellulose
is a polysaccharide consisting of a single type of sugar, while hemicellulose’s composition
includes several different sugar units (CARVALHO ET AL., 2009; CIOLACU ET AL., 2011,
DAI ET AL., 2013; DUFRESNE, 2013; KALIA, KAITH, ET AL., 2011; MARIANO ET AL.,
2014; NECHYPORCHUK ET AL., 2016).

Lignin is the most complex natural polymer present in plants due to its phenyl
propane-based structure, which presents a three-dimensional configuration and includes
several precursor units that make numerous potential combinations possible. Additionally,
lignin is found among plant fibers and is mainly responsible for increasing cell wall stiffness,
connecting cells to one another and reducing water permeability while transporting
nutrients and protecting the plant itself (NECHYPORCHUK ET AL., 2016;
SATYANARAYANA ET AL., 2007).

Hemicellulose is the name given to a polymer mixture consisting of a minimum of
two types of sugars (Figure 1): B-D-xylose, B-D-mannose, B-D-glucose, a-D-galactose, a-
L-arabinose, B-D-galacturonic acid, B-D-glucuronic acid and a-D- 4-O-methylglucuronic
acid (RAVEN, 2001; RODRIGUES, 2012).

The molecular structure of these structures, unlike cellulose, in which D-glucose
forms the structure’s exclusive fundamental unit, include five (pentoses) or six (hexoses)
carbon atoms. Whenever polymers are obtained from pentoses, pentosans are ultimately
obtained. Whenever polymers are obtained from hexoses, hexosans are formed. These
processes are represented by the general formulas (CsHsO4)nand (CeH1005)n, respectively.
The respective proportions of these components, which form hemicellulose, vary
depending on bioavailability, location and plant species. In general, however, hemicellulose

is branched, amorphous, and presents a low molecular weight and degree of



polymerization. Due to these characteristics, hemicellulose absorbs water easily,

contributing to swelling, internal mobility and flexibility in plants (RODRIGUES, 2012).

FIGURE 1 - HEMICELLULOSE STRUCTURES PRESENT IN LIGNOCELLULOSIC FIBERS
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SOURCE: Adapted from Rodrigues, 2012.

On the other hand, cellulose - general formula (CsH100s)n - (Figure 2) is defined as
a "polysaccharide formed by monosaccharide D-glucose units, which are connected to one
another through carbon 1 and 4 to form a linear polymer" (BRANDT ET AL., 2013).
Additionally, cellulose molecules comprise three free hydroxyls (-OH), which subsequently
form hydrogen bonds. These intermolecular hydrogen bonds increase rigidity among
polymers and at the intramolecular level are responsible for the alignment of molecules,

forming microfibers present in the cell wall layer (DUFRESNE, 2013; KARGARZADEH ET
AL., 2015; NECHYPORCHUK ET AL., 2016).

FIGURE 2 - CELLULOSE MOLECULE
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5.1.1 SILK-FLOSS



Ceiba speciosa St. Hil., silk-floss, or ‘paineira’, as it is popularly known in South
America, is a medium-sized tree belonging to the Malvaceae family. Silk-floss was
previously referred to as Chorisia speciosa, but certain characteristics similar to Ceiba
plants were later verified and the plant was therefore renamed (GIBBS & SEMIR, 2003;
GUARATINI ET AL., 2008; NETO & DE PAULA, 2017).

The tree is commonly found in South America, but can also be found in smaller
guantities in certain regions of Mexico and Central America. Use of this fiber has also been
reported in Mediterranean regions.

Silk-floss is a large tree with pink flowers that produces fruit that contain silky white
filaments (similar to cotton) that protect the seeds contained inside (GIBBS & SEMIR, 2003)
as shown in Figure 3. In the past, these filaments were widely used as ornaments, pillow
stuffing and cushions (GUARATINI ET AL., 2008; LEAL, 2018; NETO & DE PAULA, 2017).
They are also used in life jackets, as an absorbent material in the oil and industry, as well
as in pharmacology (ANNUNCIADO ET AL., 2005).

FIGURE 3 - SILK-FLOSS TREE, FRUIT AND FIBER (SILK-
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There are few reports into the physical/chemical characteristics of fibers in existing
literature, but Vieira (2015) has reported that: “the surface of silk-floss fibers have a high
wax content, which may explain their high level of hydrophobicity”. Vieira also concluded
that it is possible that the fiber can be used to produce nanocellulose. Additionally, the high
holocellulose content and low lignin content make silk-floss a very promising lignocellulosic
material.

Another fiber very similar to silk-floss is ‘sumauma’ (commonly known as ‘kapok’ in
English), which has been given the scientific name Ceiba pentandra and also belongs to
the Malvaceae family (GIBBS & SEMIR, 2003; LIM & HUANG, 2007B, 2007A). The



sumauma tree is commonly found in regions of Mexico and Central America (Sousa et al.,
2000; Wang et al., 2012; Xu et al., 2011). A high level of hydrophobicity (ability to repel
water) and flammability are considered to be important characteristics of these fibers
(MANI ET AL., 2012).

5.1.2 NANOCELLULOSE

Nanocellulose consists of cellulose particles in which at least one of their respective
dimensions measures less than 100 nm. The method used to obtain such nanometric
particles influences their dimensions, composition and properties, which can be divided
into the following categories: cellulose nanocrystals (CNC), cellulose nanofibers (CNF),
and bacterial nanocellulose (BC) (KALIA, DUFRESNE, ET AL., 2011; KALIA, KAITH, ET
AL., 2011; NECHYPORCHUK ET AL., 2016).

Several methods for obtaining nanocellulose have been reported in existing
literature. Nanocellulose can be obtained through chemical, mechanical or biological
processes. After the production line, nanocrystals (CNC) may be obtained during chemical
processes. Cellulose nanofibers (CNF) and bacterial nanocellulose (DUFRESNE, 2017;
NECHYPORCHUK ET AL., 2016) may also be obtained during mechanical and biological

processes, respectively.

5.1.3 METHODS USED TO OBTAIN NANOCELLULOSE

Mechanical processes used to obtain nanocellulose generally involve some form of
chemical or enzymatic pretreatment of fibers (such as a reduction in fiber size, acid
hydrolysis, enzymatic treatment, introduction of methyl-carboxyl groups, etc.). Such
pretreatments are generally used because the production of nanofibers is generally
associated with a high level of energy consumption, which in turn facilitates mechanical
processes (DUFRESNE, 2017; NECHYPORCHUK ET AL., 2016).

Certain types of mechanical procedures used to produce nanocellulose include:
homogenization, milling, microfluidization, ultrasound, cryogenic milling through the use of
liquid nitrogen, high-speed mixing, among others (QING ET AL., 2013).

To obtain nanocellulose, it is usually necessary to first remove lignin, which may be
done through acid or alkali chemical treatments, carboxymethylation or oxidation of the
respective lignocellulosic fiber (DUFRESNE, 2013). From among these available options,
chemical treatment may be considered the ideal alternative since, in addition to removing

lignin, it can remove hemicellulose fractions with a low molecular weight and other



extractives contained in such fibers. Different reagents such as hydrogen peroxide, sodium
chlorite or sodium hydroxide may be used during this procedure (LEAL, 2018).

The mechanical defibrillation technique consists of applying a severe mechanical
shear action onto the fiber, in which the fiber’s cell wall repeatedly disintegrates, exposing
cellulose fibrils and microfibrils present in the plant wall (ALIA ET AL., 2011). Depending
on the degree of defibrillation involved, microfibrillated cellulose (CMF) or nanofibrillated
cellulose (CNF) may be obtained. The difference between CMF and CNF depends on the
size of the exposed fiber, whether they are provided at micro or nano scale, respectively.
CNFs are flexible filaments made up of individual and aggregated nanofibers and
alternating crystalline and amorphous domains. These filaments generally present a width
between 3 and 100 nm, depending on the respective source of cellulose, defibrillation and
pretreatment processes. These filaments are always greater than 1 pm in length
(DUFRESNE, 2017).

Under the literature that was reviewed, different mechanical procedures involving a
range of fiber passes in a colloidal mill were identified. For example, Leal (2018) used a
colloidal mill with 5 and 10 fiber passes to obtain cellulose nanofibers originating from silk-
floss fibers. C. Xu el al. (2017) used only a single pass during production of bamboo
cellulose nanofibers; Potulski (2016) used 2, 10 and 20 cycles with Eucalyptus sp.
nanofibers; and Marinho et. al. (2019) used 1, 3, 5 and 10 cycles to obtain Bohemia nivea
nanofibers. The number of passes made can therefore vary according to the type of fiber -
and, in some cases, it can be observed that the greater the number of completed cycles,
the more nanoscale fibrils are exposed.

Another very common method used to obtain nanocellulose involves acid hydrolysis,
in which sulfuric acid is often used as a reagent since it degrades the amorphous region of
cellulose and "separates" these amorphous structures from the crystalline domains present
in cellulose (NECHYPORCHUK ET AL., 2016).

As seen in mechanical processes, delignification of the fiber is essential and may
be carried out through pretreatment with sodium chlorite, sodium hydroxide or other alkalis.
However, as reported by (Morais et al., 2013) while producing CNC from cotton - certain
fibers do not require pretreatment, as such fibers have a very low lignin content.
Polysaccharides are removed during hydrolysis and subsequently subject to cleavage and
destruction of amorphous regions, which exclusively generates cellulose nanocrystals
(CNC), also known as nanocrystalline cellulose (KARGARZADEH ET AL., 2015; LAVOINE
ET AL., 2012).

CNCs are presented in the form of crystals with a diameter and a length between 5
and 70 nm and 100 to 250 nm, respectively. These figures also depend on the respective



source of the lignocellulosic plant (CHANDRAHASA & RAJAMANE, 2014; DUFRESNE,
2013).

Bacterial celluloses (BC), also known as biocellulose or microbial cellulose, are
synthesized using bacteria such as Acetobacter xylinum. Other bacterial species such as
Agrobacterium, Pseudomonas, Rhizobium and Sarcina are also capable of producing
bacterial cellulose (THOMAS ET AL., 2018).

Unlike CNF and CNC production, bacterial cellulose (BC) is a “bottom-up” process
in which glucose chains are produced within the body of the bacterium and exuded through
pores present in its cell. Union of the produced glucose chains forms strand-like microfibrils
that aggregate to produce a web-like network structure. Another very characteristic
difference observed in BCs is that they do not contain lignin, hemicellulose or other
extractives and are easily purified using NaOH (LIMA ET AL., 2015; LIN and DUFRESNE,
2014).

BCs manifest themselves in the form of networked structures that are controlled
through the conditions of respective culture (nutrient source, oxygen ratio, type of bacteria,
incubation time, etc.). Microbial cellulosic fibers have a diameter ranging between 20 and
100 nm and length on the scale of micrometers. These fibers are constituted in different
types of networks (LIN E DUFRESNE, 2014; THOMAS ET AL., 2018).

5.2 REINFORCED NANOCELLULOSE POLYMER COMPOSITES

Polymeric composites consist of a polymer matrix presenting one or more
reinforcement phases, usually constituted in the form of particles, fibers or structural
components (SOUZA, 2010; DUFRESNE, 2015). These reinforcement phases may be
made of a range of materials, such as glass, carbon, ceramics, and natural fibers, among
others.

Polymer matrices are responsible for transmitting loads to the reinforcing phases,
while reinforcement phases serve to increase the material’s strength and stiffness. This
combination of the matrix and reinforcement phase is designed to produce a material that
presents properties superior to those of polymer materials that are produced in isolation.

Polymer composites prepared using natural fibers have received significant
attention in the industry as alternatives to traditional composites due to the advantages
they present in terms of the environment and sustainability. The use of several natural
fibers as reinforcement in polymer matrices such as bamboo, sisal, jute, coconut, among

others, has been widely studied These composites offer a number of benefits, including a



reduced weight, higher specific strength, low density, and reduced environmental impact
(DUFRESNE, 2015; DUFRESNE, 2017).

The most recent studies carried out into the production of polymer composites using
natural fibers have explored a range of related aspects, including mechanical behavior,
dimensional stability, durability, and degradation in aggressive environments
(MWAIKAMBO, 2015; DUFRESNE, 2015).

While polymer composites formed through the use of natural fibers present several
key advantages, there are also certain challenges that must be overcome. The quality of
natural fibers used may vary significantly, which can affect the overall quality of the final
composite. Additionally, compatibility between polymer matrices and natural fibers may be
an issue, as natural fibers may have a hydrophilic surface, which can make them
incompatible with certain polymer matrices (DUFRESNE, 2015).

Nanocellulose was first used in composite materials during the 2000s, when
numerous investigations demonstrated the applicability of nanocellulose in a range of
different materials. One of the main advantages associated with the use of nanocellulose
in composites is its high mechanical strength, which allows lighter and stronger materials
to be produced. Nanocellulose is also a renewable biodegradable material, which makes
it a sustainable alternative to synthetic materials. Another advantage offered by the use of
nanocellulose is the material’s large specific surface, which may be used to improve
adhesion between composite components.

Potential application of nanocellulose in polymeric composites is varied and includes
the production of materials used in packaging, coatings, construction materials, automotive
products, pharmaceuticals, adhesives, among others (SHARMA et al., 2019; DUFRESNE,
2007).

Nanocellulose composites may be produced using various types of matrices, such
as thermoplastic polymers, thermosetting polymers, and metals, and may be manufactured
using a range of techniques. The choice of processing technique generally depends on the
desired composite properties, the type of polymer matrix used, and the properties of the
nanocellulose itself.

Casting is one of the techniques most widely used to obtain polymer composites.
Casting consists of mixing composite components (polymer matrix and reinforcement) into
a solvent and then depositing this mixture onto a flat surface (mold), where the solvent then
evaporates, leaving a solid composite film (DUFRESNE, 2017)

Use of the Casting technique in obtaining composites with nanocellulose is attractive
since it allows thin homogeneous films to be obtained that present a consistent level of
dispersion of nanofibers within the respective polymer matrix. Casting is also a relatively



simple and low-cost process when compared to other processing techniques (OKSMAN,
2016; DUFRESNE, 2017).

In order to obtain a composite through Casting, it is necessary that several
parameters be controlled, such as the choice of appropriate solvent, the concentration of
nanofibers found in the solution, and the temperature and relative humidity during the
solvent evaporation process. One of the main challenges faced in the casting process
involves obtaining a homogeneous film, free of the presence of defects, such as air bubbles
or cracks. To minimize such issues, a surfactant is commonly used to improve the
dispersion of nanocellulose within the solution. Stirring equipment is also used to product
a homogeneous mixture. Another advantage offered by the Casting technique is that it
allows different types of nanocellulose to be incorporated into a polymer matrix, making it
possible to obtain composites that present specific properties appropriate for use in a range
of applications, such as packaging, coatings, and barrier films (SILVA, 2018; DE
CARVALHO, 2020)

In summary, the Casting technique is a viable option for obtaining polymer
composites through the use of nanocellulose, provided that processing parameters are
controlled to ensure homogeneity of the mixture and obtain a high-quality solid film.

Other techniqgues wused to produce polymer composites include (DE
CARVALHO,202; DUFRESNE, 2017; SHARMA et al.,, 2007; GABR et al.,, 2014,
THUNBERG et al., 2015):

1. Compression molding: with the compression molding technique, nanocellulose
is mixed with a polymer matrix in a mold and subjected to high pressure and
temperature in order to obtain a material in which nanocellulose is well-
dispersed within the matrix.

2. Injection molding: during injection molding, the polymer matrix is heated and
injected into a mold containing the nanocellulose previously dispersed into a
solvent. After the solvent has evaporated, the polymer matrix solidifies, forming
a composite in which the nanocellulose is well-dispersed.

3. Extrusion: during extrusion, nanocellulose is mixed with the polymer matrix in
an extruder and the resulting material is extruded in the form of strips or profiles,
producing a composite in which nanocellulose contents are well-dispersed.

4. Lamination: when lamination is used, nanocellulose is incorporated into a
polymer matrix sheet and materials are subjected to a cold compression
process, producing a material in which nanocellulose is well-dispersed.

5. Electrospinning: In this technique, nanocellulose is dispersed within a polymer

solution and the mixture is electrospun to obtain a network of ultrafine fibers.



This network can be used directly as a material or as reinforcement in polymer
composites.

6. 3D printing: when 3D printing techniques are used, nanocellulose is mixed with
a thermoplastic polymer material and the mixture is deposited in successive
layers, forming a three-dimensional structure in which nanocellulose is
distributed within the matrix in a homogeneous manner.
It is important to highlight that careful control of processing conditions is essential in
any context in order to ensure that nanocellulose is well-dispersed within the matrix and a

composite with the desired properties is obtained.

5.2.1 PLA

Poly(lactic acid) (PLA) is a biodegradable and biocompatible polymer widely used
in the food, pharmaceutical, medical, and textile industries, packaging, etc. (Serna et al.,
2003). PLA is produced through the polymerization of lactic acid, which may be obtained
through means of chemical synthesis or by bacterial fermentation of agricultural waste,

such as sugarcane and corn.
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PLA presents mechanical properties that are similar to polypropylene and
polyethylene, but is less resistant to high temperatures and provides a lower impact
resistance. PLA, however, may be modified using additives in order to improve its
respective properties. For example, nanoparticles may be added to increase its mechanical
strength (HOLBERY, 2006; OKOLI, 2019; CISNEROS, 2020).

One of the main advantages of using PLA is its biodegradability, which means that
materials decompose naturally in the environment under the appropriate conditions, such
as in the presence of heat and humidity. PLA is therefore a promising alternative to
traditional plastics, which may take hundreds of years to decompose, resulting in severe
environmental impacts. PLA is also biocompatible, meaning that it can be safely use while
coming into contact with biological tissues. PLA is therefore often used in medical products

such as sutures and implants.



Disadvantages associated with the use of PLA include the fact that it is a highly rigid
material, which limits its application in flexible products. The use of plasticizers is required
when PLA is used to produce plastic packaging, for example. Another disadvantage of
using PLA involves its relatively low thermal stability, which makes processing and certain
applications more difficult to implement (CISNEROS, 2020).

The choice of the appropriate PLA processing technique depends on the desired
product and specific properties. Extrusion is the most commonly used technique. During
such processes, PLA is cast and forced through an orifice in order to forma continuous
filament. This filament is then wound into coils and may be used in 3D printing, the
production of films, and flexible packaging, for example. Injection is used to produce
molded parts, such as packaging, toys, and automotive parts. In such cases, PLA is melted
and injected into a mold, cooled, and solidified to form the desired part. Blowing is used to
produce bottles, flasks, and other containers with thin lateral walls. PLA is cast and blown
into a mold, where it is cooled and solidified to form the desired container. Thermoforming
is used to produce trays, plates, and other rigid packaging. PLA is heated until it becomes
malleable, and is then transferred to a mold to create the desired shape. Lamination is
used to produce flexible films and packaging. PLA is extruded into a thin sheet and then
coated with other layers of materials, such as paper or aluminum, to strengthen its barrier
and level of resistance (CISNESROS, 2020).

When PLA is combined with nanocellulose, the resulting compound exhibits a
significant improvement in terms of mechanical properties, such as shear strength and
modulus of elasticity. Furthermore, the addition of nanocellulose may improve PLA’s
thermal stability and resistance to moisture.

Nanocellulose may also affect PLA’s biodegradability since nanocellulose is
biodegradable and may assist in accelerating the compound’s decomposition within the
natural environment (FUKUSHIMA, 2018; CISNESROS,2020).

PLA composites may be used in several applications, including packaging, medical
devices, and construction products. For example, PLA composites containing
nanocellulose may be used to produce biodegradable packaging with high level
mechanical strength and gas and moisture barrier (LU et al, 2018).

5.2.2 PVAC

Polyvinyl acetate (PVAC) is a synthetic thermoplastic polymer produced through the

polymerization of vinyl acetate monomers. It is a versatile material that is widely used in a



range of applications due to its favorable physical and chemical properties (SIMACHEW et
al, 2021).

FIGURE 5 - MOLECULAR STRUCTURE OF PVAc’S REPEATING UNIT
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PVACc is a transparent and colorless material that presents a high mechanical and
chemical strength. It is insoluble in cold water and alcohol, but may be dissolved in hot
water. PVAc is known for its capacity for form transparent and flexible films, which makes
it ideal for specific applications such as use in adhesives, varnishes, and coatings. One of
PVAC’s primary application involves its use as an adhesive. Due to its transparency,
strength and non-toxic adhesive properties, PVAc is often used in applications such as the
gluing of paper, wood, fabric, and other materials. PVAc is also used as an encapsulating
agent in electronics encapsulation processes and as a binder in capsules in the
pharmaceutical industry (SIMACHEW et al, 2021; YERDAWU ZELEKE and GIDEON,
2021)

PVAc is also widely used in the textile industry due to its capacity for forming flexible
water-resistant films and used as a coating agent in order to provide fabrics with a high
level of impermeability. It may also be used as a binding agent in nonwoven fabrics such
as air filters and toilet paper. It is important, however, to note that PVAc is not resistant to
moisture and may deteriorate in moist conditions, which may in turn limit its applicability.

The techniques used to process PVAc include extrusion, injection, blow molding,
immersion in hot water, and the implementation of reactions in solutions in order to form
hydrogels. The most widely used technique within industries, however, is the Casting
method, which involves dissolving PVAc in hot water or other organic solvents to form a

solution, which is subsequently poured onto a flat, level surface, such as a glass plate. The



solution is allowed to dry naturally, or in a controlled environment, to form a uniform, smooth
film (YERDAWU ZELEKE and GIDEON, 2021).

The process used to produce PVAc films through casting begins with the proper
choice of the degree of PVAc used and its dissolution in a solvent in order to form a
homogeneous solution. PVAc is generally added to the solvent gradually while stirring to
prevent lumps from forming. The solution is then heated to a specific temperature, which
depends on the degree of PVAc used. As a general rule, the higher the degree of PVAc
used, the higher the temperature required for its dissolution.

The film’s thickness is regulation based on the amount of solution poured onto the
surface and the speed at which it is spread. The solution is allowed to dry naturally, or in a
controlled environment, in order to form a smooth and uniform film. Drying may be
accelerated through means of controlled ventilation or heating.

PVAc films produced through Casting present uniform mechanical and optical
properties, which may be adjusted by controlling the concentration of PVAc in the
respective solution, the thickness of the film produced, and the conditions under which the
solution is dried. These films are often applied to coatings, adhesives, and flexible
packaging.

In summary, the Casting technique is a simple and efficient method that can be used

to produce poly(vinyl acetate) films that present uniform controllable properties.

5.3 PHYSICAL AND CHEMICAL PROPERTIES

5.3.1 WETTABILITY

Wettability refers to a liquid’s capacity for spreading and adhering to a solid surface.
In other words, wettability refers to a liquid’'s tendency to “wet” or be spread over a surface
rather than form droplets. Wettability is determined based the interaction between a liquid’s
molecules and a solid surface. If the liquid’s molecules are attracted to the surface, the
liquid will spread and wet the surface. On the other hand, if the liquid’s molecules are
repelled by the surface, the liquid will form droplets and not spread (AVANCI, 2018; GLIER,
2020).

Whenever water is used, a surface is said to be hydrophilic or hydrophobic. A
hydrophilic surface presents a high-level affinity for receiving water and tends to be easily
wetted. This is due to the fact that water molecules are polarized, and hydrophilic surfaces
are also generally polarized. Water molecules bind strongly to hydrophilic surfaces through
means of hydrogen bonds, resulting in a high level of wettability. Examples of hydrophilic



surfaces include most metals, glass, and some resins. On the other hand, a hydrophobic
surface presents a low level of affinity for water and tends to be repelled by it. This is due
to the fact that hydrophobic surfaces often lack electrical charges or are poorly polarized
and therefore do not interact easily with water molecules. As a result, water droplets tend
to form spheres on hydrophobic surfaces, resulting in poor wettability (TRENTINI, 2019).

A commonly used parameter to describe wettability is the respective contact angle,
which is the angle formed between a solid surface, a liquid, and the resulting interface
between these two elements. This angle is essential in understanding the wettability of a
surface and is influenced by a liquid’s surface tension, the solid surface’s roughness, and
the interaction between the molecules contained in the liquid and the solid surface.
Whenever the respective contact angle is small, usually less than 90 degrees, the liquid
will spread easily over the surface and is considered a wetting (hydrophilic) liquid.
Conversely, whenever the contact angle exceeds 90 degrees, the liquid presents a low
level of wettability and tends to form droplets on the solid surface. In such cases, the liquid
is considered to be non-wetting or repellent (hydrophobic) (TRENTINI, 2019;

GLIER, 2020).

Several techniques that can be used to measure the contact angle, including:

1. the Wilhelmy method: The Wilhelmy method method involves measuring the
surface tension in a liquid coming into contact with a surface. A filament is
dipped into a liquid’s, surface and the resulting surface tension is measured by
the force required to hold the filament in position. The contact angle is then
calculated based on surface tension.

2. Drop method: The drop method centers on the formation of a drop of liquid on
a surface. The contact angle is measured based on the droplet’s shape.

3. Microscopy method: The microscopy method involves the use of microscopy to
visualize the liquid-surface interface and directly measure the contact angle.

4. Tensiometry method: The tensiometry method involves the use of a tensiometer
to measure the surface tension of a liquid coming into contact with a surface
and calculate the contact angle based on the observed surface tension.

Nanocellulose is formed through cellulose nanofibers, which are extremely thin and
present a high degree of crystallinity. The surface of cellulose nanofibers is covered by
hydroxyls (-OH), which provide for consistent adhesion with a range of different liquids.
This means that nanocellulose is generally regarded as a wettable material (DE
CADEMARTORI, 2016; TRENTINI, 2019).



Nanocellulose’s wettability may be influenced by other factors such as the
concentration of nanocellulose suspension, the size of fibrils, the type of solvent used, pH
levels, and temperature. For example, nanocellulose suspended in water generally
presents a consistently level of wettability, but the addition of organic solvents may
decrease wettability. Additionally, nanocellulose’s wettability may be increased or reduced
by adding surfactants or chemical modifiers.

Nanocellulose’s wettability is a key factor behind a number of applications, such as
the use of such fibers in surface coatings, adhesives, composite materials, membranes,
and medical devices. In many cases, nanocellulose’s wettability must be controlled in order
to guarantee adequate adhesion between the material and the respective surface, or to
allow for an appropriate level of interaction between the nanocellulose and other materials
(TRENTINI, 2019).

In summary, nanocellulose’s wettability is an important factor that must be
considered during several different applications due to its potential to affect adhesion and
interaction with other materials. Understanding the wettability of nanocellulose and
strategies used to control such properties may be used to optimize the characteristics of

nanocellulose and improve its performance in different applications.



6 METHODOLOGY

6.1 MATERIALS

The fibers present in the fruit produced by the Ceiba speciosa tree were collected
at different points throughout the city of Guadalajara (20°40'36"N 103°20'51"W), which is
located state of Jalisco in Mexico, between February and April 2019. These fibers were
cleaned by manually separating the fruit's seeds and shells from the fiber. These materials
were then mixed, forming a single batch that was packaged in low density polyethylene
(LDPE) bags and stored at room temperature.

Alphatec brand sodium hydroxide (NaOH, Macaé, Brazil) in aqueous solution was
used. For the fiber dispersions, absolute ethanol (C2HsOH) of the Alphatec brand (Macaé,
Brazil) and distilled water were used to chemically treat fibers. The following reagents were
used to partially characterize the chemicals contained in fibers: sulfuric acid (H2SO4) 97%,
sodium hydroxide (NaOH), absolute ethanol (C2HsOH), and 99.5% Golden Bell brand
toluene (C7Hs, Zapopan, Mexico), potassium dichromate (K2Cr207) 0.5 N and Hycel brand
ferrous ammonium sulfate ((NH4)2Fe(SOa4)2.6H20, Zapopan, Mexico).

Cellulose nanofibers were stored in a refrigerator after being suspended in HDPE
containers.

The following materials were used to produce polymeric composites: 3251D
poly(lactic acid) supplied by Nature Works LLC (USA) at a density of 1.24 g/cm®and a
melting temperature of approximately 170 °C, poly(vinyl acetate) (C4HsO2)n supplied by
Sigma-Aldrich (USA) with a molecular weight of 500,000u and Synth brand acetone PA
((CH3)2CO, Diadema, Brazil).

6.2 EXPERIMENTAL PROCEDURE

The experimental design used during this study involved first characterizing the
natural silk-floss fibers used followed by the preparation of CNFs, which were also
characterized and then submitted in polymer matrices in order for fibers to be obtained and
characterized from a mechanical perspective.

The tests performed and the procedure adopted to obtain silk-floss CNFs, as well
as their respective nomenclatures described throughout this chapter are summarized

under the following flowchart (Figure 6):
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6.2.1 Characterization of natural silk-floss fiber

6.2.1.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is an analytical technique in which an electron beam
is used to generate high-resolution images of a sample’s surface. This technique involves
measuring the intensity of electrons that are reflected or emitted from the sample’s surface,
allowing detailed images of the surface topography and structure the natural fiber to be
obtained, thereby make it possible to view a sample’s morphology, structure, and
dimensions.

In order to prepare the samples, a small amount of fiber was collected, which was
then deposited onto a metallic pin, covered in copper tape, and stored for 24 hours at room
temperature. Gold was then deposited onto the sample for a period of 120 seconds.

Micrographies were obtained using a Tescan Scanning Electron Microscope at a

voltage of 15-20 kV and a total magnification of 66 and 587x.

6.2.1.2 Vibrational spectroscopy in the infrared region with Fourier
transform (FTIR)

Fourier transform infrared spectroscopy is an analytical technique in which infrared

radiation is used to investigate a material’s molecular structure. This technique is used to



measure the rate at which infrared energy is absorbed by the sample at different
frequencies, generating a spectrum that can be used to identify functional groups and
compounds present in natural silk-floss fiber. Fourier transform is a complementary
technique used to identify the presence of cellulose, hemicellulose, and lignin in fibers.
This test was performed using the equipment Perkin-Elmer PC1600, USA with ATR
(Attenuated Total Reflection). 30 accumulated spectra were obtained in a range between

4000 and 400 cmt 2d with a spectral resolution of 4 cm,

6.2.1.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is an analytical technique in which changes in a
sample’s mass are measured as it is heated, maintained at a constant temperature, or
cooled at a controlled rate. This technique is used to investigate thermal stability,
composition, purity, and the decomposition of materials.

Thermal degradation of natural fiber occurs throughout several different phases,
given that cellulosic and non-cellulosic components present in a fiber's structure
decompose at different temperatures.

This assay was performed using the Perkin EImer TGA-8000 at a temperature range
between 40 and 700°C. Samples were heated at a rate of 10°C/min in a nitrogen

atmosphere presenting a flow rate of 20 mL.minL.

6.2.1.4 Partial Chemical Characterization

The main assays standardized by the Technical Association of the Pulp and Paper
Industry (TAPPI) were used to partially characterize the chemicals present in natural fibers.
All chemical characterization tests were performed in triplicate, and results were described

by determining the arithmetic mean of the values obtained.

6.2.1.4.1 Moisture content

A sample’s moisture content refers to the percentage of water present in the fibers
relative to its dry weight while the absolutely dry (%A.D.) percentage refers to the
percentage of solid material present in the sample. In order to determine the moisture
content of silk-floss fibers, the methodology described under TAPPI T264 cm-07 (2007)
was used, in which a 2 g (£ 0.1 g) fiber sample was stored in an oven at 105 °C (+ 2 °C)

for a total of 3 hours. At the end of this procedure, samples were cooled in a desiccator



until it presented a constant temperature be subsequently being reweighed. The samples’
moisture content was calculated based on the difference in weight of the sample before

and after the adopted procedure was implemented.

6.2.1.4.2 Ash content

A sample’s ash content determines the amount of inorganic material present in
fibers in the form of oxides such as calcium, silicon, potassium and magnesium. The
amount of ash is inversely proportional to the amount of flammable organic matter present
in samples. The methodology described under TAPPI T211 om-02 (2007), in whicha 2 g
(x0.1 g) fiber sample was incinerated in a muffle furnace at 525 °C for 2 hours, was used
during testing. After this procedure was implemented, the sample was cooled in a
desiccator until it reached a consistent temperature and subsequently reweighed. The ash
content was calculated based on the difference in sample weight before and after the

adopted procedure was implemented.

6.2.1.4.3 Solubility in hot and cold water

This method is used to to determine the solubility of substances such as gums,
sugars, and starches in hot water, according to the standard TAPPI T1 ws-75 (2015), in
which 300 mL of distilled water containing a 2 g fiber sample (£0.1 g) were added at 100
°C and placed in a water bath at a temperature of 95 °C (x5 °C) for 3 hours. The sample
was then filtered and kept in an oven at 105 °C (£2 °C) for 24 hours. After this procedure
was implemented, the sample was cooled in a desiccator until it reached a consistent
temperature and subsequently reweighed. Solubility in hot water was calculated based on
the difference in the sample’s weight before and after the adopted procedure was
implemented.

In addition to determining hot water solubility, a cold water solubility procedure
(TAPPI T207 cm-08 (2008)) was performed, in which 300 mL of distilled water at room
temperature containing a 2 g (0.1 g) fiber sample was added. This sample was then stored
at room temperature for 48 hours. The sample was then filtered and placed in an oven
heated to a temperature of 105 °C (£2 °C) for 24 hours. After this procedure was
implemented, the sample was cooled in a desiccator until it reached a consistent
temperature and subsequently reweighed. Solubility in hot water was calculated based on
the difference in the sample’s weight before and after the adopted procedure was

implemented.



6.2.1.4.4 Solubility in Sodium Hydroxide (NaOH)

The solubility of fibers in 1% NaOH was determined according to the standard TAPPI
T212 om-12 (2012). This technique is generally used to determine the amount of
carbohydrates (consisting essentially of hemicelluloses) with a low molecular weight that
are soluble in alkaline solution. Additionally, the solubility of lignocellulosic materials in
NaOH may indicate the degree to which the material in question is degraded.

To determine solubility in NaOH, 100 mL of 1% NaOH was added to a 2 g (0.1 g)
fiber sample while being stirred constantly and stored in a water bath at a temperature of
100 °C (5 °C) for 1 hour. The sample was then neutralized using 50 mL of 10% acetic
acid, washed and filtered under a neutral pH was obtained, and then stored in an oven
heated to a temperature of 105 °C (2 °C) for 24 hours.After this procedure was
implemented, the sample was cooled in a desiccator until it reached a consistent
temperature and subsequently reweighed. Solubility in hot water was calculated based on
the difference in the sample’s weight before and after the adopted procedure was

implemented.

6.2.1.4.5 Solubility in Ethanol (C2HsOH)

This method is used to determine the content of extractable substances in organic
solvents: ethanol, dichloromethane, ethyl ether, among others. The fraction of ethanol-
soluble extracts is represented by resins, waxes, fats, and composites that are insoluble in
ethyl ether, which are extracted from the fibers using a Soxhlet extractor. The content of
extractives in ethanol was determined according to the methodology described under
TAPPI T204 cm-07 (2007), in which a 2 g (x 0.1 g) fiber sample was placed in a Soxhlet
extractor containing 200 mL of C2HsOH for a period of 6 hours. After the solvent was
recovered, samples were placed in an oven heated to a temperature of 105 °C (x2 °C) for
24 hours. At the end of this procedure, samples were cooled in a desiccator until it
presented a constant temperature be subsequently being reweighed. Solubility in ethanol
was calculated based on the difference in weight of the sample before and after the

adopted procedure was implemented.

6.2.1.4.6 Solubility in ethanol: toluene 50: 50

Different organic solvents are used to verify ideal chemical treatment applied to
fibers. An assay aimed at determining extractives content in ethanol: toluene at a proportion



of 50% ethanol and 50% toluene was also performed. The methodology used to determine
solubility in ethanol was also used during this procedure.

6.2.1.4.7 Total extractives

This method is used to determine the total content of extractable substances in fibers
(total extractions). The method analysis described in TAPPI T264 cm-07, 2007 was
implemented using the following steps. The remaining contents of the solution used to
determine ethanol solubility was placed in 500 mL of distilled water at a temperature of 100 °C
(£5 °C) and submerged in a water bath for 1 hour at a temperature of 100 °C (5 °C).
Samples were then filtered and stored in an oven at 105 °C (x2 °C) for 24 hours.After this
procedure was implemented, samples were cooled in a desiccator until they reached a
consistent temperature and subsequently reweighed. The total extractives content was
calculated based on the difference in sample weight before and after the adopted

procedure was implemented.

6.2.1.4.8 Lignin content

Fibers’ lignin content present was calculated based on the contents produced during
the procedure used to obtain total extracts. The methodology described in TAPPI T13 wd-
74 (2015) was used during the procedure.

A 1 g sample (x0.1 g) of dry material produced during the previous procedure was
weighed before 15 mL of 72% H2SO4 was added. The resulting reaction was maintained
for 72 hours at room temperature. After the period, 560 mL of distilled water were added
at 100 °C (x5 °C) and placed in a water bath at a temperature of 95 °C (2 °C) for 4 hours.
Samples were then filtered and stored in an oven at 105 °C (£2 °C) for 24 hours.After this
procedure was implemented, samples were cooled in a desiccator until they reached a
consistent temperature and subsequently reweighed. Lignin content was calculated based
on the difference in sample weight before and after the adopted procedure was

implemented.
6.2.1.4.9 Determining alpha-, beta- and gamma-cellulose content
a-cellulose generally refers to cellulose that has not degraded and presents the

largest molecular mass; alternatively, B-cellulose refers to degraded cellulose, and y-

cellulose primarily consists of hemicelluloses. Under the applied methodology (TAPPI T



203 cm-99, 2009), a-cellulose is considered to be the slurry fraction that is resistant to
17.5% and 9.45% sodium hydroxide solutions under test conditions, while B-cellulose is a
soluble fraction that precipitates upon the solution becoming acidified, and y-cellulose is
the fraction that remains in solution.

In order to perform this procedure, a 2 g (x1 g) fiber sample was first weighed, to
which 75 mL of 17.5% NaOH (adjusting the temperature to 25 °C £0.2) and an additional
25 mL of 17.5% NaOH were added after stirring, resulting in a total of 100 mL of alkaline
solution being added to the sample. Samples were then placed in a water bath at a
temperature 25 °C £ 0.2 °C and 30 minutes after NaOH was first introduced, 100 mL of
distilled water at 25 °C (0.2 °C) was added, and the resulting reaction was maintained for
another 30 minutes. The sample was then subsequently filtered. The initial 10 mL and
100 mL of filtrate were discarded and collected, respectively, from the filtered content.

25 mL of filtrates and 10 mL K2Cr207 were added to an Erlenmeyer flask in order to
determine a-cellulose content. 50 mL of concentrated H2SO4 was then carefully added
while stirring constantly and neutralized using 50 mL of distilled water at room temperature
15 minutes after the acid was added. An indicator was then added and titration was
performed using ferrous ammonium sulfate. To calculate the a-cellulose content, a blank
titration was also preparing in which filtrate was replaced with 12.5 mL of 17.5% NaOH +
12.5 mL of distilled water, respectively.

Equation 1 was used to determine a-cellulose content:

6.85 (V2—V1)XNx20 (l)

a cellulose % = 100 — yo

In which:

V1 = Filtrate titration, mL.

V2 = Blank titration, mL.

N = Exact normality of ferrous ammonium sulfate solution
A = Exact volume of pulp filtrate used during oxidation, mL.
W = Weight of dry material, g

In order to determine y-cellulose content, 50 mL of filtrate was added to a 100 mL
graduated beaker fitted with a cap and 50 mL of H2SOa4. After exothermic heating was
performed, the beaker was kept in a water bath at a temperature between 70 - 90 °C in
order to promote the coagulation of B-cellulose. Afterwards, the sample remained at rest for
15 hours before being filtered. 50 mL of the clear solution obtained after filtration, 10 mL of

K2Cr207, and 90 mL of concentrated H2SO4 were then added. The sample was then titrated



using ferrous ammonium sulfate. In order to calculate y-cellulose content,a blank titration
was also performed, in which the filtrate was replaced with 12.5 mL of 17.5% NaOH and

25 mL of H2SOa4.

Equation 2 was used to determine y-cellulose content:

6.85 (V4—V3)XNX20 )
25XW

y cellulose % = 100 —

In which:
V3 = Titrated solution after precipitation of beta cellulose, mL.
V2 = Blank titration, mL.
N = Exact normality of ferrous ammonium sulfate solution
W = Weight of dry material, g
Equation 3 was used to determine the amount of 3-cellulose present in the sample:

B cellulose % = 100 — (a cellulose % + y cellulose %) (3)
6.2.1.4.10 Determining holocellulose content

Equation 4 was used to calculate holocellulose content:

Holocellulose Content % = 100 — (lignin content % + ash content %) (4)

6.2.2 Preparation of cellulose nanofibers (CNF)

In order to obtain CNFs, protocols associated with the chemical and mechanical
methods applied in sample preparation were implemented based on stages: i) mechanical
treatment of natural silk-floss fiber; ii) chemical treatments; iii) preparation of dispersions;
iv) obtaining of cellulose nanofibers, as shown in the Graphical Abstract (Figure 7) below:



FIGURE 7 - GRAPHICAL ABSTRACT OF THE PREPARATION OF CELLULOSE NANOFIBERS
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6.2.2.1 Mechanical treatment of natural silk-floss fiber

Silk-floss fibers have a long thin format and present hydrophobic characteristics.
Through means of a qualitative dissolution test, it was found that fibers were not completely
dispersed in water and/or organic solvent since an agglomeration of fiber and,
consequently, a complete lack of wettability of the fiber in such solvents was observed. A
decision was therefore made to reduce the size of natural fibers, which produced positive
results, i.e., when coming in contact with the solvent, the fiber presented improved
interaction and could be dispersed within the medium. It was also decided that the size of
the fiber would also be reduced in order to facilitate the process used to obtain
nanocellulose.

In order to reduce the size of natural fibers, the fiber was first kept in a freezer at a
temperature of -5 °C (x2 °C) for 48 hours and then sent through an ultracentrifugal Restch
ZM 200 knife mill operating at 12,000 rpom and a 300 um mesh in order to reduce fibers. A

smaller fiber was then obtained, which was subsequently referred to as NF 300.



6.2.2.2 Chemical treatment

In order to move forward with this investigation, it was decided that fibers would be
separated into two groups: one not receiving any chemical treatment (Group A) and
another in which chemical pretreatment was carried out using NaOH solution (Group B).

This chemical process is primarily used to remove waxes, lipids, and other
compounds present on the surface of the fiber. However, fibers are also delignified and
mercerized during such processes. According to Azevedo (2018) and Carmona (2014), the
ideal concentration for the mercerization of lignocellulosic fibers ranges from between 10
to 20% by weight. Kaschuk (2013), however, determined that a-cellulose and hemicellulose
are obtained during reactions between cellulose pulp and a 17.5% NaOH solution.

It was therefore decided that chemical treatment would be carried out on silk-floss
fibers using 17.5 % NaOH per weight at a temperature of 80 °C for 60 minutes. After the
reaction was allowed to occur, fibers were washed with water under a neutral pH was
achieved, and remaining water was subsequently removed using a domestic centrifuge for

15 minutes.

6.2.2.3 Preparation of dispersions

In order to prepare dispersions, it was decided that two different solvents would be
used -- water and ethanol -- in order to verify whether these solvents would interact with
the fiber being studied. Dispersions were therefore prepared using: a) 100% ethanol
(C2HsOH), b) ethanol and water (50:50) (v/v), and c) 100% water.

With regards to fibers not receiving chemical treatment, it was not possible to obtain
purely agueous dispersions. As a result, only two types of dispersions were prepared: a)
ethanol (C2HsOH) 100% and b) ethanol and water (50:50) (v/v).

Fibers were weighed in order to obtain dispersions with a concentration of 10% and

placed in a mixer together with the above solvents.

6.2.2.4  Obtaining cellulose nanofibers (CNF)

Fibers dispersed in alcohol-based and/or aqueous solutions were sent through the
Masuko Sangyo Super Masscolloider Microprocessor, a colloidal mill that consists of
overlapping silicon carbide (SiC) disk units, one of which is fixed and another rotary.

Whenever fibers come into contact with the disks while rotating at 1500 rpm, the fibers’ cell



walls are repeatedly disintegrated, thereby exposing the fibrils and microfibrils present in
the respective lignocellulosic material.

In accordance with the procedure described by Leal (2018), the following
parameters were used during this process: rotation of 1500 rpm, a total distance between
disks of 1 mm, and a total of 10 passes for each dispersion.

After this procedure was implemented, five samples were obtained as summarized
in Table 1 1 below:

TABLE 1 - NOMENCLATURE USED FOR SILK-FLOSS CELLULOSE NANOFIBER SAMPLES
Mechanical Chemical

Group Treatment Treatment Solvent
ethanol + water (50:50) NT1
A ves No 100% ethanol NT2
v ethanol + water (50:50) T3
B Yes (Na%SH) 100% ethanol T4
water 100% T5

6.2.3 Characterization of cellulose nanofibers (CNF)

6.2.3.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy allows CNF morphology, structures and dimensions
to be viewed.

During use of this technique, the material was deposited onto a metallic pin and
placed in an oven heated to a temperature of 40 °C for 24 hours. After the material was
dried, gold was deposited onto the sample and left for a period of 120 seconds.

Micrographies were obtained using a Tescan Scanning Electron Microscope at a
voltage of 15-20 kV and a total magnification of 66 and 587x. Magnifications of 500 x, 5 kx,
10 kx and 20 kx were analyzed for CNFs allocated to Group A (chemically untreated), while
(chemically treated) magnifications of 1 kx, 5 kx, 10 kx and 50 kx were analyzed for those

in Group B .
6.2.3.2 Transmission Electron Microscopy (TEM)
Transmission microscopy constitutes a technique in which an electron beam is used

to illuminate a fine sample, thereby allowing CNFs’ structural details to be viewed at a

nanometric scale.



In order to prepare samples, 5 pL of nanofibers were diluted in 5 mL of their
respective solvents before being deposited on specific supports (parlodium-covered TEM
grids) and placed in an oven heated to a temperature of 40 °C for 24 hours.

Micrographies of silk-floss nanofibers were obtained using a JEOL JEM 1200EX-II
Transmission Electron Microscope and a high-resolution Gatan CCD camera (Orius
SC1000B).

6.2.3.3 Vibrational spectroscopy in the infrared region with Fourier
transform (FTIR)

In order to perform an FTIR assay for cellulose nanofibers, CNFs allocated to Group
A and Group B were studied at a temperature of 105 + 5 °C. After being allowed to
completely dry, samples were placed in a Perkin-Elmer PC1600t, USA fitted with ATR
(Attenuated Total Reflection). 30 accumulated spectra were obtained in a range between

4000 and 400 cmt 2d with a spectral resolution of 4 cm.

6.2.3.4 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is used to obtain information on a material’s
electronic structure, dynamics, and chemical composition. XPS was used as a
complementary method to FTIR in silk-floss CNFs in order to qualify and quantify the
chemical composition of both chemically treated and untreated nanofibers. In order to
determine their chemical composition, CNFs from both groups, A and B, were initially
agitated and placed a Schuster L100 42 KHz ultrasound bath for a total 15 minutes in order
to homogenize dispersion. An aliquot was then taken from each sample and deposited
onto a metallic pin covered with copper tape. Metal pins were placed in an oven for 24h at
a temperature 40 °C. After materials were allowed to dry, gold was deposited on the sample
for a total of 120 seconds.

This technique was evaluated using a Phoibos 150 SPECS detector equipped with
an Al-K « X-ray source (excitation energy of 1486.68 eV).

AAnalyzer software was used to perform a quantitative analysis of surface chemical

composition.

6.2.3.5 Differential Scanning Calorimetry (DSC)



Differential scanning calorimetry is used to measure the difference in heat between
a sample and a reference material as the temperature is increased or decreased by
detecting changes in cellulose nanofibers’ heat capacity.

In order to perform a thermal analysis, cellulose nanofiber samples were dried in an
oven at a temperature of 40°C for 24h. After samples were completely dried, samples were
weighed into aluminum capsules and pressed.

This assay was performed using a TA Q100 DSC apparatus. Samples were heated

from -20 to 220 °C at a heating rate of 10°C/min across all ranges.

6.2.3.6 Sedimentation

Qualitative sedimentation assays are used in a solute placed in solvent in order to
determine a given solute’s capacity for remaining dispersed.

The sedimentation assay was performed using 10 mL beakers, during which the
CNFs obtained were added while suspended and gently agitated. Test beakers were then
allowed to stand for a period of 24h. The sedimentation period for the dispersed solid
material was then analyzed. The established volume of material was analyzed every 30
seconds throughout the first 5 minutes of testing. This volume was then measured every 5
minutes and 30 minutes for a total of 90 minutes and 4 hours. respectively. After a period
of 24h had passed, the final volume of liquidated materials was remeasured. This assay
was performed in triplicate, and the mean of the observed volumes was used to analyze
obtained data.

6.2.3.7 Reology

In order to analyze the rheological behavior of the chemically treated cellulose
nanofiber dispersions that were obtained, a HAAKE HR-10 rheometer with a 40 mm
diameter cone and plate geometry was used. 20 °C and 2 bar test conditions were used.

Using reology, it was possible to analyze dispersions’ complex dynamic viscosity.

6.2.3.8  Wettability

In order to determine the wettability of untreated cellulose nanofibers, a layer of
nanofibers was deposited onto each sample’s glass plate. Samples were then studied
while drying at a temperature of 60 + 5 °C for 24 hours. A sessile water drop with a total
volume of 5 pL was then deposited onto the CNFs’ surface.



This assay was performed using a Biolin Scientific Theta Lite TL100 optical
tensiometer. In total, six contact angle measurements were taken between 5 and 60

seconds of initial contact between the sessile drop and the substrate.

6.2.4 Preparation of composites in PLA matrix

PLA composites were prepared through compression molding processing using
dried chemically untreated Group A nanofibers.

Nanofibers and PLA were first dried in an oven at 60 °C for a period of 48 hours.
Materials were then weighed separately in order to obtain 0.5, 1 and 2% CNF composites.
These two materials were mixed while dry using a JR Torrey LP-12 industrial mixer for 5
minutes at 3000 rpm and stored in plastic bags in an oven at a temperature of 60°C before
being subject to hot compression molding.

Mixtures were then subjected to compression molding using a Scheabenthan
polysat 200T, during which 30 g of each mixture (PLA + CNF) were placed in 125 mm x
125 mm x 1.8 mm stainless steel molds. Molds were then brought to the equipment and
subject to a 4-minute preheating period at a temperature of 180 °C before being subjected
to 200 bar of pressure at 180 °C, which was applied gradually every 2 minutes until a total
of 12 minutes of compression was reached. Mixtures were then cooled to a temperature of
60 °C before the obtained pressure was removed.

During mechanical characterization tests, specimens were laser cut according to the

sizes defined under ASTM standards for each test performed.

6.2.5 Mechanical characterization of PLA composites

In order to mechanically characterize composites, tests of shear and flexural

strength and elastic modulus were performed.

6.2.5.1 Shear strength

Uniaxial tensile properties were measured using Instron model 3345 universal test
equipment equipped with a a 1000 N load cell. The velocity of transverse rods was set to
1 mm/min. Specimens were prepared in accordance with ASTM D638 and reported values

were based on the average of a minimum of five specimens.

6.2.5.2  Flexural strength



Bending properties were measured on Instron model 4411 universal test equipment
equipped with a 1000 N load cell. Rod speed was set to 1 mm/min, and the established
ratio between length and depth totaled 16x the average thickness of the specimens, which
were prepared according to ASTM D790. Reported values were based on the average of
a minimum of five specimens.

6.2.5.3 Impact Resistance

A Charpy Impact test was performed using an Instron CEAST model 9050.
Specimens were prepared in accordance with ASTM D6110 and reported values were

based on the average of a minimum of eight samples.

6.2.6 Preparation of composites in PVAc matrix

PVAc composites were prepared using the solvent evaporation technique (Casting)
with chemical untreated Group A nanofibers that had been dried and dispersed.

PVAc was first weighed in crystal form in order to obtain a solution with a total
concentration of 10%. PVAc was then slowly dissolved in acetone PA while being stirred
constantly at a temperature of approximately 45 °C.

After PVAc had been allowed to dissolve completely, materials were weighed in
order to obtain composites with a total of 1, 3 and 5% and 3, 5 and 7% dispersed and dried
CNFs, respectively. Nanofibers were mixed in the PVAc emulsion slowly while being stirred
constantly at a temperature of approximately 45 °C.

The surface of silicone supports onto which the studied film was deposited while
free of dust or other particles was first prepared in order to produce thin films with a
thickness of approximately 1 mm. Composites were then added to form a thin layer. Films
were left to dry at room temperature for 72 hours in order to allow the solvent to evaporate

completely before being removed from silicone supports.



6.2.7 Mechanical characterization of PVAc composites

Shear strength tests were performed in order to mechanically characterize

composites.
6.2.7.1  Shear strength

Tensile properties were measured on Instron model 3345 universal test equipment
equipped with a 1000 N load cell. The velocity of the transverse rods was set to 1 mm/min.
Specimens were prepared in accordance with ASTM D882-02 and reported values were

based on the average of a minimum of five specimens.
6.2.7.2 Water absorption

The water absorption assay was performed on PVAc composite films in order to
verify their capacity for absorbing and retaining water.

Sample preparation and test conditions were implemented in accordance with
ASTM D570, which consisted of weighing dried samples and then submerging them in a
beaker containing distilled water at room temperature. Samples were then dried every 24
hours using absorbent paper and the resulting masses weighed for a total of 20 days.

Equation

Abs(%) = L x 100% (5) was

used to calculate water absorption

In which,
Abs = water absorption, %
mi = initial mass, grams

ms = final mass, grams



7 DISCUSSION OF RESULTS
7.1 GENERAL CHARACTERISTICS OF NATURAL SILK-FLOSS FIBER

Natural silk-floss fiber (NF) consists of hollow cylindrical structures with a completely
smooth surface and an absence of pores. Such characteristics can also be corroborated
based on a study performed by Leal (2018) and Annunciado (2005). Using the NF’s
micrografy (Figure 7a), it was possible to verify that the obtained fibers are long and quite
homogeneous in nature. When viewing micrographies for ground fiber (NF 300), after
mechanical pretreatment was carried out an ultracentrifugal mill, it was possible to verify
"cuts"” made in silk-floss during milling pretreatment at -5 °C + 2°C, i.e., cuts fibers’
longitudinal structure can be observed. In some cases, it was also observed that the fibers’
cylindrical structure was "torn” along its length. However, at no time was the defibrillation
of cell walls verified in the manner seen in micrographies after fibers were milled using a

colloidal mill.

FIGURE 8 - NF AND NF 300 MICROGRAPHIES OBTAINED USING SEM
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NOTE: a) Natural silk-floss fiber (NF) at a total magnification of 66 x and b) Cut natural fiber (NF 300) at a
total magnification of 587 X

Table 2 presents a chemical characterization of ground silk-floss fiber (NF). As
expected, it was observed that silk-floss fiber presents a high holocellulose content (85%),
a total a-cellulose content of 90%, and a low lignin content (13%), which suggests that
natural silk-floss fiber has a high cellulose content when compared to other fibers. Coconut
fiber, for example, presents a total cellulose content of 45%, while sisal has a total cellulose
content of 60% (Annunciado, 2005). Curaua contains between 69 and 74% (Spinacé,
2009) cellulose, while turmeric has a total cellulose content of 50% (Manikandan, 2017).

Finally, sugarcane bagasse and Agave contain between 40 and 60% (Vanitjinda, 2019)



and 70 and 80% (Gallardo-Sanchez et al., 2019) cellulose, respectively. From among the
reviews of existing literature that were carried out, only cotton presents a higher cellulose
content (greater than 90%) (Annunciado, 2005; Wang 2019).

Additionally, it was possible to determine the presence of a low number of
extractives and inorganic materials present in the respective composition of natural fibers.

Ash content (0.92%) determines the amount of inorganic materials present in fibers
in the form of oxides such as calcium, silicon, potassium and magnesium. The solubility of
substances such as gums, sugars, and fiber starches was determined based on solubility
in hot and cold water. It was also possible to verify a low level of interaction between water
and fibers, which was considered to indicate partial hydrophobicity in silk-floss.

Conversely, solubility in NaOH is used to determine the number of carbohydrates
with a low molecular weight (consisting essentially of hemicelluloses) that are soluble in
alkaline solution. In the case of silk floss, NaOH can also be used to remove lipids and
other fatty components present on the fibers’ surface.

The fraction of extractives present in ethanol or ethanol: toluene constituting resins,
waxes, fats, and insoluble compounds relative to total extractives is used to determine the
total content of other substances remaining after extraction is carried out in ethanol.
Extractives in ethanol (2.9%), ethanol: toluene (7%), and sodium hydroxide (18.2%) are
also used as a basis for determining the ideal chemical treatment to be used during the
delignification of the fibers.

Based on obtained results for extractives present in different solvents, it was
possible to affirm that treatments performed using NaOH were most effective in removing
lignin, hemicellulose, and other extractives. For this reason, NaOH treatments were chosen
for use in chemical pretreatment of silk-floss fibers during the preparation of processes

used to obtain cellulose nanofibers.



TABLE 2 — RESULTS FOR PARTIAL CHEMICAL CHARACTERIZATION OF SILK-FLOSS NF

Assay Results (%) Standard
Deviation
Humidity 1.7 +0.1
Ash Content 0.92 +0.05
Solubility in hot water 3 +1
Cold water solubility 1 +1
Solubility in Sodium Hydroxide (5%) 18.2 +0.5
Solubility in Ethanol 2.9 +0.3
Solubility in Ethanol: Toluene (50/50) 7.0 +04
Total Extracts 4.1 +0.3
Lignin Content 13 +1
a-cellulose 90 +2
Holocellulose Content?! B-cellulose 6 T2
(85%)
y-cellulose 4 +1

1 According to equation 4.

Lignocellulosic fibers, as previously stated, are composed of cellulose, lignin,
hemicellulose and other organic and inorganic compounds. Each of these components can
be identified under the infrared spectrum (FTIR) and present a characteristic degradation
temperature range (Chandra et al., 2016). Figure 8 presents the FTIR spectrum obtained
for natural silk-floss fiber.

Natural silk-floss fiber presents an infrared spectrum (FTIR) that is characteristic of
lignocellulosic fibers, and it was possible to verify the presence of characteristic peaks for
cellulose and lignin. The obtained transmission range near 2914-2918 cm-1 indicates the
presence of CH2 and CH groups, which correspond to alkane hydrocarbons that mainly
found in the surface waxes described in the existing literature. (OLIVERIRA, 2020). The
region near 736 cm-1 points to the presence of stretching in the carbonyl group (C-0),
indicating the potential presence of ketones, esters, and carboxylic acids originating from
lignin, as well as acetyl groups. In the region near 1630 cm-1, it was possible to identify
groups of C-C and water (VAHUR et al, 2016; ABRAHAM et al, 2013; ROBLES et al, 2018)

Additionally, previously characterized aromatic compounds were identified between
1505-1602 cm-1. The presence of C-O clusters in areas near 1425, 1470 and 1510 cm-1,
mostly originating from esters and carboxylic acids that make up lignin, was also observed.
In areas near 1373 cm-1, it was possible to locate more saturated chain hydrocarbons
through the presence of stretching in CH bonds, while folding was identified in C-O bonds
in the 1245 cm-1 range. Finally, at 1050-1150 cm-1 peaks corresponding to possible
hydrocarbons or polysaccharides present in fibers in the form of CH rings were observed
(SINGHA and RANA, 2010; XU et al, 2013).



The presence of the C-H (saturated), CH2, CH, C-C and C-O groups suggests that
materials present a high level of hydrophobicity due to the polar chemical affinity observed
between water and these components. Intermolecular forces responsible for the cohesion
and stability of these groups are electrical in nature and based on interactions observed
between dipole-dipoles interactions or London dispersions as observed by van der Waals’.
As a result, the specific orientation of these dipoles prevents their attraction to negative or
positive charges in water, mainly due to interactions between hydrogen bonds in different

water molecules ultimately being found to be stronger (OLIVEIRA, 2020).

FIGURE 9 - FTIR OBTAINED FOR SILK-FLOSS NF
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Figure 10 presents TG and DTG curves obtained for natural silk-floss fiber.
Degradation in cellulose and hemicelluloses occurs in the temperature range between 250-
380 oC, while lignin presents a wider range for total degradation, occurring in the
temperature range between 250-900 °C (Satyanarayana et al, 2013; Chen et al., 2011).
The TG curve presented Figure 9 presents a drop in degradation corresponding to the
moisture absorbed by the fiber upon reaching a temperature of approximately 25 °C.
Cellulose begins to decompose at approximately 285°C, and the final decomposition of
fibers occurs at 400°C . Pyrolysis of lignin and virtually the entirety of the degradation seen
in cellulosic components occurs at the end of the heating process. The observed peak in
the DTG curve obtained for fibers at 375 oC represents the temperature at which maximum
degradation in fibers occurs. These results are congruent with those obtained by Leal et
al., 2018.



The morphology of natural fibers may affect thermal stability in several different
manners. Cellulose is a glucose polymer that forms microfibrils that are grouped into long,
thin fibers that present different structures and properties. One of the main characteristics
affecting cellulose’s thermal stability is its respective crystallinity. Highly crystalline
cellulose fibers, such as those found in cotton, tend to present a higher level of thermal
stability than less crystalline fibers (LI et al., 2017). This is due to the fact that crystallinity
in cellulose promotes greater molecular ordering, which increases its resistance to thermal
degradation.

As determined during the partial chemical characterization that was performed, silk-
floss fibers present a high a-cellulose content, which is a crystalline cellulose component
(IWAMOTO et al., 2019; KLEMM et al., 2011). Additionally, according to Ciolacu (2010),
the intensity of the peak at 1517 cm-1 is associated with materials’ crystallinity. As a result,
the higher the observed intensity, the lower the determined stability in fibers. When
associations are drawn between the intensity of the peak observed for the obtained FTIR
and results for fibers’ TGA curve (Figure 10), it can be stated silk-floss presents thermal
stability at high temperatures up to a total of 230 °C.

Since most polyolefins, which are considered low-cost polymers, are processed
using extrusion or injection at temperatures of less than 230°C, silk-floss fibers tend to not

degrade during processing.

FIGURE 10 - TGA GRAPH FOR SILK-FLOSS NF
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7.2 GENERAL CHARACTERISTICS OF CELLULOSE NANOFIBERS



After cellulose nanofibers were obtained through means of colloidal mill processing,
it was possible to analyze whether fibers’ morphological structure had been modified.

Group A nanofibers (chemically untreated) presented a significant reduction in size,
ranging from an average of 300 ym to units less than 100 pym in size. A tubular structure
characteristic of silk-floss could still observed. The type of solvent used to disperse
nanofibers did not influence observed morphology in CNFs given that CNF NT 1 (Figure
11) and CNF NT 2 (Figure 12) present a very similar morphology.

FIGURE 11 - CNF NT1 MICROGRAPHIES OBTAINED THROUGH SEM
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FIGURE 12 - CNF NT2 MICROGRAFY OBTAINED USING SEM
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Group B nanofibers (treated), on the other hand (Figures 12 to 14), presented a
change in morphology relative to chemically untreated nanofibers (Figures 10 and 11).
These observed changes were the result of the chemical pretreatment performed, which
caused the silk-floss’s fibrils to be completely exposed. The presence of branching can
also be observed.

Under the existing literature, for example, several authors discuss different
phenomena that occur during the production of cellulose nanofibers. According to Abdul
Khalil (2014), an existing phenomenon that can be observed when producing cellulose
nanofiber involves a process of internal fibrillation, in which cellulose fibers begin to swell.
These fibers are normally difficult to observe through microscopic analysis, and swelling
increasing their porosity and allows different substances that can improve their affinity with
a polymer matrix to enter their respective structures. Another observed process involves
external fibrillation, in which cellulose’s main fibers begin to break down into different
narrower fibers that are attached to a central fiber. A third process that can be observed is
the result of nanofibers being completely removed from fibers’ structure. A final noteworthy
process involves an exclusive reduction in the thickness of central fibers due to mechanical
wear (Abdul Khalil, 2014).

When viewing obtained micrographies for CNF T3 (Figure 13) it is possible to verify

fibrils that are best viewed at the nanometric scale.



FIGURE 13 - CNF T3 MICROGRAPHIES OBTAINED THROUGH SEM
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The presence of central fibers with fibrillated ends can be observed in the
micrographies presented in Figure 14, in addition to the presence of larger nanofibers that
are not connected to main fibers. The processes involved in internal fibrillation and a
reduction in the thickness of fiber most certainly occur during the mechanical production of
nanofibers. However, these processes are very difficult to observe since it is not possible

to isolate a single fiber through means of initial and final studies.
FIGURE 14 - CNF T4 MICROGRAPHIES OBTAINED THROUGH SEM
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NOTE: A voltage of 15 kv and total magnification of: a) 1 kx; b) 5 kx; ¢) 10 kx and d) 50 kx was used

Obtained CNF T5 micrographies (Figure 15) indicate the presence of nanofibers

very similar to those found in Group B, in which includes fibers with a tubular structure that

are still possible to identify.

FIGURE 15 - CNF T5 MICROGRAPHIES OBTAINED THROUGH SEM
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TEM analyses were performed (Figures 15 and 16) in order to confirm that the
process used to obtain nanofibers was effective. With regards to Group A fibers (chemically
untreated), as previously noted with SEM micrographies, it was also possible to observe
that the cylindrical shape of silk-floss fibers was preserved. However, under this analysis,

the existence of small fibrils detached from a larger fiber (425 nm) could already be verified,

as shown in Figure 16.



FIGURE 16 - MICROGRAPHIES OBTAINED FOR SILK-FLOSS CNFS FOR THE GROUP
OBTAINED THROUGH TEM
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Figure 17 includes an image of Group B nanofibers, which presented a shape more
similar in nature to remaining cellulose nanofibers, as demonstrated in Leal's (2018)
investigation into silk-floss fibers, in which fibrils were left completely open and exposed

and intertwined branches could be observed due to chemical treatment.
FIGURE 17 - MICROGRAPHIES FOR GROUP B CNFS OBTAINED THROUGH TEM
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In addition to the images that were obtained, further proof of nanofibers’ structure
remaining the same for Group A and being subject to modifications for Group B can be
provided through FTIR (Figure 18).



FIGURE 18 - FTIR SPECTRUM FOR SILK-FLOSS FIBERS AND NANOFIBERS
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Spectra for CNF nanofibers NT1, NT2, T3, T4 and T5 are very similar in nature to
those observed in natural silk-floss fibers. However, a reduction in peaks related to lignin
and hemicellulose in spectra for the CNFs T3, T4 and T5 at 1733, 1506 and 1238 cm-1
can be observed, which one may attribute to the aromatic ring’s vC =0 and vC =C and &6C-
H. This suggests that chemical pretreatment with sodium hydroxide was extremely
effective in reducing the amount of lignin and hemicellulose present in natural silk-floss
fibers.

X-ray photospectroscopy (XPS) was performed for CNF samples taken from Group
A (untreated) and Group B (chemically treated) in order to compare the bonds and
guantities of each element present in fibers from the two groups. Figure 19 presents
inspected sample spectra, in which it is possible to observe the presence of Cls at 286.7
eV, Ols at 535.0 eV, O Auger 979.4 eV and N1s at 400.3 eV.



FIGURE 19 - INSPECTED SILK-FLOSS CNF SPECTRA
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Results were submitted under the AAnalyzer program in order for a quantitative
analysis to be performed. A displacement of -2.49255 eV was used for the purposes of
carbon adjustment 1, and three peaks or components were subsequently observed. With
regards to CNFs included in Group A (Figure 20), Cs were located at a BE position of
286.73, 288.66 and 290.57 eV, respectively. With regards to O 1s (Figure 20), it was
possible to observe two peaks at position 951.6 and 953.13 eV. Position 951.6 and position
953.13 corresponding to the C-OH titer and C O C and C=0 titers, respectively, also
presented peaks. Cellulose molecules are marked by the presence of three free hydroxyls

attached to carbons 2, 3 and 6 (Figure 2).

FIGURE 20 - BINDING ENERGY FOR C 1S AND O 1S IN GROUP A CNFS
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In Group B (Figure 21), it was possible to observe that three different peaks remain
for C 1s. Two peaks were observed for O 1s, but presented a reduced size, which suggests

that the expected breakage in bonds occurred.

FIGURE 21 - BINDING ENERGY FOR C1S AND O1S IN GROUP B CNFS
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AAnalyzer software was used as part of the quantitative analysis technique to
calculate each element’s atomic % (Table 3). Based on these results, a reduction of oxygen
present in the sample can be observed in addition to a reduction of double bond carbons
and an increase in single carbons and hydroxyls. The process of eliminating waxes and
lignin was further verified using this technique, corroborating results obtained through
FTIR. When analyzing the N 1s values present in samples, it was also possible to verify
that there was a reduction in Group B CNFs’ atomic %, which indicates that amide waxes
were also removed during chemical treatment. Proof of the observed reduction in the
RCONHR functional group was also provided by Oliveira (2020) as part of a thesis studying
Ceiba pentandra L. Gaertn fibers, which belong to the same silk-floss family.

TABLE 3 - QUANTITATIVE ANALYSIS OF COMPONENTS PRESENT IN GROUP A AND
GROUP B CNFS

Group Element Energy level atomic %
C 1s 76.72
A O 1s 23.11
N 1s 0.17
C 1s 80.40
B O 1s 19.52
N 1s 0.08

NOTE: Analysis performed using CNF NT1 for Group A and CNF T3 for Group B



A differential scanning calorimetry (DSC) test was performed in order to verify the
thermal behavior of obtained nanofibers. The data shown in

Figure 22 only include results obtained up to a temperature of 220 oC due to
limitations in the equipment used to measure the thermal behavior of CNFs obtained during
the study within a wider temperature range. As seen in the work prepared by Leal et al.
(2018), the thermal profile of chemically treated CNF samples (Figure 22) differs from
chemically untreated CNF samples due to the presence of waxes and lignin in untreated
samples. During the study carried out by Leal, silk-floss fibers were chemically treated
using sodium hydroxide and sodium chlorite at concentrations of 0.5% or 1.0%. After these
treatments had been applied, it was observed that the concentration of reagents during the
treatment of silk-floss affected DSC curves at temperatures between 300-350 oC, the point
at which degradation in lignin occurs. During this study, endothermic peaks were observed
in the range between 75-90 oC in all tested samples -- a reflection of dehydration and an
additional exothermic peak within the temperature range between 300-350 oC due to
degradation in residual lignin. The number of times fibers were recirculated in the colloidal
mill did not influence observed DSC curves. Ciolacu et al. (2011) concluded that
endothermic peaks in the temperature range between 50 — 150 oC were typical of native
cellulose.

During this study, it was observed that chemically untreated nanofibers (NT1 and
NT2) presented curves with similar profiles at temperatures of up to 220 oC, but NT2, when
dispersed in ethanol, presented an endothermic peak at a higher temperature (150 oC)
than NT1 (100 oC). Ethanol has a boiling point of 78 oC, while water’s boiling point is 100
oC, which suggest that interactions between sample NT2 and ethanol were higher than
interactions between sample NT1 and the ethanol/water mixture (1. 1). With regards to
Group B nanofibers, a similar behavior was observed for CNFs dispersed in alcohol (CNF
T3 and T4), However CNFs dispersed in water (CNF T5) behaved differently. Similar
endothermic peaks can be observed in chemically treated samples, T3, T4 and T5.
However, since T5 was dispersed in water, T3 in water/ethanol (1:1) and T4 in ethanol,
respectively, it can be observed that the T5 presents the widest endothermic peak and a
temperature that is slightly lower than remaining samples. These results indicate that even
with chemical treatment, silk-floss nanofibers likely still contain waxes and lipids that alter
interactions with the respective dispersion medium. Endothermic peaks observed in CNF
T3 and T4 and those seen in CNF T5 range from between 142 and 150 °C and 135 and
180 °C, respectively.



FIGURE 22 - DSC FOR SILK-FLOSS NANOFIBERS
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Sedimentation may be an indicator of chemical stability in nanofiber dispersions. For
example, the chemical stability of colloidal suspensions is determined through electrostatic
interaction between colloidal particles. If a given suspension is stable, particles will remain
suspended and will not be subject to sedimentation. If a suspension is unstable, the
particles will agglomerate and sedimentation will occur. In such cases, sedimentation may
also be used as an indicator of a suspension’s chemical instability (XIE et al, 2019; CHENG
et al., 2020).

Nanocellulose may be considered to constitute either a suspension or a dispersion,
depending on the specific characteristics of each sample. Nanocellulose comprises fibrils
or cellulose crystals containing nanometric dimensions, which may be dispersed in a
solvent or suspended in liquid form.

Certain studies, including that performed by Zhang et al. (2017), refer to
nanocellulose as a suspension, while others, such as Moon et al. (2011), refer to
nanocellulose as being a dispersion. It is generally common that nanocellulose be
considered a colloidal dispersion, i.e., a heterogeneous mixture in which particles are
dispersed in a liquid.

With regards to cellulose nanofibers obtained through the mechanical defibrillation

of cellulose, a dispersion of cellulose nanofibrils in a liquid, typically water is commonly



obtained. In such cases, nanocellulose is considered to be a colloidal dispersion in which
cellulose fibrils are held in suspension (IQ ZHOU et al, 2014).

Sedimentation testing was performed to verify the stability of nanocellulose samples
over time. Group B samples (CNF T3, T4 and T5) remained constant throughout the study,
while Group A samples (CNF NT 1 and NT 2) presented signs of sedimentation over time,
as shown in the graph below (Figure 23). CNF NT2 presented a decrease within the first
few minutes of testing, while CNF NT1 decreased slowly until complete sedimentation
occurred. In conclusion, nanofibers obtained without any chemical treatment are more
unstable than nanofibers subject to chemical pretreatments when dispersed as part of a
suspension. These results were obtained since, as described above, the morphology of
Group B nanofibers was altered, while those of Group A maintained characteristics similar
to the initial fiber, which presents little affinity for intermolecular interaction and tends to

agglomerate rather quickly.

FIGURE 23 - SEDIMENTATION VOLUME AS A FUNCTION OF TIME
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Reology can also be used to gain a better understanding of the chemical stability of
dispersed nanofibers. Viscoelastic testing of materials was carried out to evaluate the
different degrees of plasticity, elasticity, and viscosity seen in materials. From among the
available means of investigate the rheological behavior of materials, studies that correlate
stress and shear rate may be used, allowing researchers to better understand the fluid in
guestion.

It is known that cellulose nanofibers generally exhibit behaviors associated with
viscoelastic fluids. The shear force applied during dispersions causes nanofibers’ parallel

surfaces to enter into motion relative to one another while tensile force causes stretching



in nanofibers. Depending on the size and strength of these deformations, nanocellulose
will present linear or non-linear viscoelastic behavior (Foster et al., 2018; Nechyporchuk et
al., 2016).

Linear viscoelastic behavior can be used to analyze deformation under oscillatory
shear stress, where it is possible to determine the storage modulus, which is also known
as elastic modulus (G’). Storage modulus is used to measure a dispersion’s elastic
response. Conversely, the obtained loss or viscous modulus (G”) is a function of frequency
(w). According to Souza (2019), nanofibers present an elastic behavior at high shear rates
due to the presence of a G’ > G” modulus. The crossing of curves (cross over) represents
the moment at which an inversion in behavior occurs, or G’ < G”, which represents a
viscous liquid behavior.

The dynamic viscosity curves observed Group A and Group B nanofibers are
presented in Figure 24, respectively, and indicate that all dispersions present a reduction
in viscosity as shear force is applied to the material in question. What differentiates Group
A dispersions from those of Group B is that in the former the dispersions’ viscosity modulus
is low and presents an initial viscosity of approximately 0.14 Pa.s. In the latter case,
however, dispersions in the alcoholic phase present an initial viscosity of approximately 30
Pa.s. When dispersions are in the aqueous phase, they present an initial viscosity that is
much higher (1,198 Pa.s) than remaining dispersions. Group A nanofibers, as previously
demonstrated, do not present consistent stability in dispersed fibers, but rather precipitate
quite quickly. As a result, the obtained viscosity measurement refers to ethanol, the solvent
used in the study, which is known to have a very low viscosity.

Group B nanofibers, on the other hand, contain completely dispersed nanofibers,
which serve to increase the dispersion’s viscosity. However, unlike the sedimentation test,

here it is possible to observe a decrease in viscosity when a shear force is applied.



FIGURE 24 - DYNAMIC VISCOSITY IN CELLULOSE NANOFIBERS
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7.3 CELLULOSE NANOFIBERS OBTAINED THROUGH MEANS OF A GREEN
PROCESS

As previously mentioned, Group A nanofibers were obtained without performing
chemical treatment prior to obtaining nanocellulose. This methodology was mainly chosen
to avoid generating polluting effluents and maintain the silk-floss’s hydrophobicity, thereby
allowing this material to potentially be used in polymeric composites. The initial challenge
that was faced during the study involved finding a suitable medium for preparation of
dispersions since the use of water results in the agglomeration of materials that in turn
prevents processing. As aresult, ethanol or a 1:1 mixture of ethanol/water was used during
this study, as described in the methodology, in addition to a more comprehensive pre-
milling process being implemented since, without this advance milling, it would be difficult
to process studied materials.

Despite the chemical instability that was observed, cellulose nanofibers obtained in
an alcohol dispersion, CNF NT1 and NT2, presented a morphology and characteristics
(thermal stability, hydrophobicity) that differed from cellulose nanofibers that were
chemically treated in advance and common nanocelluloses found in several studies.

Given the existing context, in which cellulose nanofibers were exclusively obtained
through means of a mechanical process involving the use of mechanical treatments to
separate cellulose fibers into nanofibers without chemical treatments, a patent was filed for
the process in question (BR 10 2021 000386 3). As a result, silk-floss can be considered a
sustainable and promising alternative for the production of nanostructured materials.

For this reasons, CNF nanofibers NT1 and NT2 were subsequently chosen for

application in polymer composites.



Due to the initial difficulty in ensuring that NFC NT1 and NT2 remained dispersed in
the medium, a decision was made to dry cellulose nanofibers by evaporating the solvent
in a conventional oven. The materials that were obtained constituted a fine powder that
was used to produce PLA and PVAc composites.

The main characteristic presented by silk-floss under this study was its water
repellent characteristics. During the study performed by Annunciado et al. (2005), silk-floss
was found to present a total hydrophobicity of 97.6%.

With regards to CNFs NT1 and NT2, nanofibers that were not subject to chemical
treatment, it was concluded that the characteristic hydrophobicity seen in the silk-floss fiber
was maintained. Given these findings, the contact angle between a sessile water drops
and silk-floss nanofibers subject to study was determined (Figure 25).

In relation to CNF NT1, contact angle measurements remained close to a 900 angle,
which indicated a change in aqueous affinity. At the start of this study, a decision was made
to use organic solvents in the production of nanofibers due to the difficulty encountered in
dispersing silk-floss fibers in water. However, when 50% alcohol was added to water, the
fiber quickly interacted with the medium. The contact angle at the end of the experiment
totaled 82.320, indicating a greater affinity between the sessile water drop and CNF NT1’s
surface. In this case, silk-floss did not lose its hydrophobic characteristics. It was only
through obtaining nanofibers in a 50% aqueous medium, that the provided sessile drop
presented a greater affinity in relation to the surface of nanofibers dispersed in water.

On the other hand, since water was not added to the system in order to obtain
nanofibers, CNF NT2 maintained the fiber's hydrophobic characteristics, presenting a
contact angle above 90 ° throughout testing. CNF NT2’s final contact angle totaled 104.30
°. This characteristic is of great interest, since for most nanofibers it is necessary that a
surface treatment, such as acetylation, be performed in order to reduce hydrophilicity and
improve adhesion between cellulose nanofibers and polymers, such as PLA, for example,
which in this case was not necessary for the CNF NT2 fiber (HEINZE et al, 2018; LI et al,
2016; KALIA et al., 2019)).



FIGURE 25 - CONTACT ANGLES IN CNF NT1 AND NT2
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7.4 PLA COMPOSITES

PLA composites were produced using CNF NT1 and NT2 after nanofibers were
dried in a conventional oven. The assays performed suggested that the use of silk-floss
nanofibers within this matrix was not promising.

When analyzing results for shear strength (Figure 26Erro! Fonte de referéncia nao
encontrada.), a slight increase in the pure polymer’'s modulus compared to the composite
containing 0.5% CNF NT1 can initially be observed. However, as the CNF NT1 content
was increased, the shear force exerted on the composite immediately began to decrease.

A similar drop in shear strength was observed in CNF NT2.

FIGURE 26 - RESULTS FOR SHEAR STRENGTH IN PLA + CNF COMPOSITES IN POWDER
FORM

o]

'—
—1—
I

(%]
[ ]

1
—

Tragdo (MPa)

10 -




With regards to flexural strength (Figure 27), PLA + CNF NT1 composites presented
a reduction in modulus in relation to PLA, while PLA + CNF NT2 composites presented a
slight increase. However, as the matrix’s nanofiber content was increased, the flexural
modulus also decreased. The composites’ elastic modulus also presented a slight

reduction in composites produced using CNF NT1.

FIGURE 27 - RESULTS FOR BENDING AND ELASTIC MODULUS IN PLA + CNF COMPOSITES
IN POWDER FORM
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Results obtained for impact testing (Figure 28) indicate a significant reduction in
impacts in relation to PLA. When 2% CNF NT1 and NT2 was added, a reduction in impact

strength totaling 64.8% and 45.7%, respectively, was observed.

FIGURE 28 - IMPACT RESULTS FOR PLA + CNF COMPOSITES IN POWDER FORM
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Certain conclusions could be drawn based on results for composites’ mechanical
properties. Nanofiber samples CNF NT1 and NT2 formed a powder. Despite being



previously aware of the possibility of nanofibers agglomerating during drying, the fact that
powder formed during testing was significant since it would greatly facilitate the preparation
of nanocomposites with nonpolar matrices such as polypropylene and polyethylenes, or
even PLA itself. As a result, the use of dried samples during preparation of composites with
a PLA matrix was tested. Unfortunately, the results obtained suggested that silk-floss
nanofibers would likely behave as if they were fibers after drying and, even with the
provided 2% addition, an increase in the matrix’s resistance could not be expected. In other

words, in this case nanofibers acted as a load and not a reinforcement, as expected.

7.5 PVAc COMPOSITES

Due to the negative results obtained for matrices containing PLA, it was decided
that both dry CNF NT1 and NT 2 nanofibers, when dispersed, would be added to
composites with a PVAc matrix.

Both PVAc composites prepared with dried CNFs and those prepared with
dispersed CNFs presented similar results, with a smooth surface and flexible but opaque
thin films, unlike pure PVAc thin films, which were transparent.

When studying the mechanical behavior of thin PVAc films, it was clear that when
dried CNF NT1 and NT2 was added, negative results were obtained for shear strength
(Figure 28), as previously demonstrated for the PLA polymer matrix. It has once again been
proven that, when nanofibers are dried in an oven, a transformation occurs in their
characteristics and properties and nanofibers begin to lose those attributes commonly

associated with nanomaterials and exclusively exhibit the behavior expected of fibers.

Figure 29 - RESULTS FOR SHEAR STRENGTH IN PVAc + CNF COMPOSITES IN
POWDER FORM
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On the other hand, the PVAc composites obtained using CNF NT1 and NT2
nanofibers dispersed in alcoholic solvent present a significant increase in mechanical
properties analyzed (Figure 30). Results for CNF NT2 indicated a higher shear strength
(Figure 30) when compared to CNF NT1. The observed increase in shear strength may
have occurred due to CNF NT1 nanofibers being dispersed in water/ethanol, which
interfered with intramolecular interactions between nanofibers and PLA.

Composites comprising 1% and 3% NT1 presented identical results when the
determined error bar is taken into consideration and were found to be 268% stronger than
PVAc. Composite containing 5% NT1 was found to be 229% stronger than the matrix.
Composites comprising 1 and 5% NT2 also presented identical results when the
determined error bar is taken into consideration, and both composites were found to be
295% more resistant than PVAc at these concentrations and 273% more resistant than the
matrix at a concentration of 3%. It is expected that an increase in resistance will be
observed as nanofiber content is increased, up to a certain limit at which reinforcement no
longer occurs.

Leal et al. (2018) prepared emulsion PVAc matrix nanocomposites using silk-floss
nanofibers treated with sodium hydroxide and sodium chlorite at concentrations ranging
from between 0.5% and 1.0%, obtaining tensile strength values 351% to 518% higher than
those of PVAc film. These results indicate that composites with concentrations of 1.3 and
5% were likely excessive and that perhaps concentrations below 1% would be ideal in
providing greater reinforcement. It is important to note that the PVAc used in this study was
not subject to emulsion. PVAc is a hydrophobic polymer (tensile strength of 22Mpa) while

PVACc subject to emulsion (tensile strength of 15MPa) is emulsified in water.



Gong et al. (2011) achieved a 21% increase in tensile strength in PVAc composites
using 10 wt % bleached softwood CNF. Abdoulhdi et al (2021), during a review of
nanocellulose-reinforced composites of different origins (starch, bamboo, coffee husk,
microcrystalline cellulose, hemp, cotton, orange peel, sugarcane bagasse, potato peel,
Kraft pulp, etc.) and different polymer matrices (PLA, starch, PBS/PLA, etc.), demonstrated
that the effects of reinforcement in composites are varied. The degree of crystallinity and
observed shear and impact strength may increase, the composite’s oxygen barrier may
increase significantly, and the rate of vapor transmission may drop dramatically as a result
of reinforcement. Water absorption was also shown to potentially decrease by half, among
other effects, during the review performed by Abdoulhdi et al. However, none of the studied
nanomaterials presented an increase in tensile strength similar to those found in silk-floss
nanofibers. As a result, the use of silk-floss as a raw material used to obtain

nanocomposites is very promising.

FIGURE 30 - RESULTS FOR TENSILE STRENGTH IN PVAc + CNF COMPOSITES IN POWDER
FORM
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Furthermore, in order to characterize and define the applicability of produced
composites, the obtained material’s water absorption capacity was studied.

The average absorption in thin polyvinyl acetate (PVAc) films may also vary
depending on a range of factors such as the respective film’s thickness, temperature,
humidity, and the material’s chemical composition. The existing literature presents water
absorption values between 7 and 9% for pure PVAc films with a thickness between 0.5 and
1 mm (CHEN et al., 2019).



Figure 30 presents the results obtained over 20 days of study. It can be observed
that the value obtained for water absorption for pure PVAc is congruent with results
reported in the literature.

Results for PVAc films formed using dispersed CNF NT1 and NT2 were very
promising, given that there was an observed reduction in water absorption in the obtained
material totaling 2.4% and 5.2% for 2% CNF NT1 and 5% CNF NT2, respectively.

Two main conclusions may be reached based on these results: firstly, the use of
hydrophobic nanofibers significantly reduces water absorption in PVAc composites, which
IS a very promising characteristic when one considers the applicability of this material;
secondly, the presence of water during dispersion of nanofibers (CNF NT1) influences
absorption values in a manner in which the water retention barrier forming inside the
polymeric composite is reduced. Due to the absence of water in CNF NT2 nanofibers, water
absorption levels were low, which indicates that the potential use of partially hydrophobic

nanofibers in polymer matrices is advantageous.

FIGURE 311E]WATER ABSORPTION IN SUSPENDED PVAc + CNFEM COMPOSITES
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Untreated silk-floss nanofibers may be applied to the in situ production of
nanocomposites through the suspension of polymerization of monomers such as styrene,
methyl methacrylate, styrene-divinyl benzene, etc. The advantage offered by such
techniques is that nanocomposites may be produced in a single stage and, given that these
nanofibers are essentially hydrophobic, they may be placed into the organic phase of the
reaction medium in order to be incorporated into the polymer in a homogeneous manner.

Given the reinforcement potential presented by silk-floss nanofibers due to their unique



morphology in relation to other lignocellulosic fibers, including when chemical treatments
that generate effluents are used, when lignin and waxes are removed, more hydrophilic
nanofibers may be applied to the in situ emulsion production of nanocomposites. Additional
polymerization techniques, such as solution polymerization, may also be used in the in situ

production of nanocomposites reinforced using silk-floss nanofibers.



8 CONCLUSIONS

During this study, it was possible to develop a green process for the production of
silk-floss nanofibers without generating polluting effluents given that produced fibers
contained 77% a-cellulose and presented a low lignin content (13 £1%). Fibers were milled
while frozen (ultracentrifugal mill), and ethanol or ethanol/water, rather than water, were
used to disperse the material during processing in a colloidal mill. Results for SEMs, TEMs,
and shear strength in PVAc nanocomposites reinforced with 1.3 and 5% w/w of nanofibers
dispersed in ethanol or ethanol/water confirmed that nanomaterials were successfully
obtained.

Silk-floss presents a level of thermal stability (230°C) that is sufficient for use in
processing carried out through extrusion and/or the injection of a range of nanocomposites
prepared using the obtained nanofibers, particularly those comprising a polyolefin matrix.

Treating silk-floss with NaOH (17.5% w/w) altered the observed morphology of silk-
floss nanofibers, leading to a higher number of fibrils being exposed, as can be seen in
results of SEMs and TEMs that were performed, as well as sedimentation tests.

Treating silk-floss with 17.5% w/w NaOH reduced the material’s lignin content. This
reduction can be confirmed by results for FTIR and XPS and the color of the nanofibers
themselves. Chemically treated nanofibers are much lighter than the untreated ones, which
are more brownish in color.

The thermal profile presented by chemically treated nanofibers differs from that of
untreated nanofibers.

Any form of rheological study was therefore impaired due to the instability of
dispersions carried out in chemically untreated nanofibers. However, a decrease in
viscosity in treated nanofibers was observed as shear force was applied.

The drying of nanofibers led to the formation of agglomerations and a loss of
nanomaterial characteristics (high specific area), resulting in production of a material that
was similar to finely divided silk-floss fiber and did not reinforce PVAc or PLA matrices at
low concentrations of tested fibers.

The tensile strength in composites containing 1.3 and 5% NT1 and NT2 dispersions

strengthened the PVAc matrix by up to 268% and 295%, respectively.



9 SUGGESTED FUTURE STUDIES

Study the effect of NaOH concentration (0.2 to 17.5%) on lignin content and material
color during treatment of silk-floss fibers. Use chemically treated fibers to obtain nanofibers
using the method described in this study and evaluate the stability of dispersions relative
to dispersions carried out in chemically untreated nanofibers. Study and record the
advantages of using these materials, taking the generation of effluents, associated costs,
the reinforcing potential (mechanical properties) of different polymer matrices, and ease of
use into consideration.

Assess gas barrier properties, crystallinity, the mechanical properties (impact, shear
strength and bending) observed in nanocomposites prepared using NT2 dispersions at
concentration ranges between 0.2-1% in different polymer matrices.

Assess the thermal stability (TGA) of nanofibers prepared during this study, as well
as that of nanocomposites prepared using such nanofibers dispersed in ethanol.

Compare the properties presented by nanocomposites produced in situ (single
stage) with those produced in two stages (polymerization/casting or compression) through
the suspension polymerization of styrene, methyl methacrylate or divinyl benzene in the
presence of nanofibers.
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