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ABSTRACT

The use of natural lignocellulosic fiber (NLF) biocomposites for the construction industry has been growing
over the years, due to technical and environmental advantages. However, fiber-matrix incompatibility remains a
major challenge. Various surface treatments have been investigated to improve fiber-matrix bonding, including
sodium lignosulfonate (SLS), a potentially effective and environmentally friendly chemical. In this study, SLS
treatment protocols were applied to piassava fibers to evaluate their influence on the fibers. Thermogravimetric
Analysis (TG/DTG), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM/EDS), Fourier-transform
Infrared Spectroscopy (FTIR), moisture absorption measurements and tensile tests were performed to character-
ize the modifications. Results demonstrated, for the first time, the efficiency of SLS to remove extractives from
the piassava surface. In general, partial degradation of the cellulosic structure was observed, noticeable by the
slight drop in crystallinity index (from 42.80 to 39.82%), and an increase in the TG residual mass (from 21.35
to 31.90%), along with changes in DTG curves. However, a particular SLS treatment using ultrasonic bath was
able to fully clean the surface preserving the cellulosic structure, and increasing the strength of fibers (from 386 +
140 MPa to 524 + 126 MPa).
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1. INTRODUCTION

Over the past few decades, increasing concern about the scarcity of natural resources and the generation of high
volumes of waste in the construction industry has been leading to a preference for renewable materials and
energy, as well as better waste destination and management [1]. According to the Brazilian Association of Public
Cleaning and Special Waste (ABRELPE) [2], the civil construction industry is responsible for about 60% of
the solid waste generated in Brazilian urban areas. In this scenario, the use of renewable natural lignocellulosic
fibers (NLF) as biocomposite reinforcement for building materials has been growing over the years [3—10].

NLFs display several advantages that enable them to be used in biocomposites such as high specific
strength and Young’s modulus, as well as good thermal insulation, low cost of production, biodegradability, and
low abrasiveness. NLFs as reinforcements are considered more sustainable when compared to manufactured
fibers, as their production/processing consumes less fossil fuel, reduces carbon footprint by absorbing CO,
during plant growth, as well as recovers energy by end-of-life incineration [11].

The piassava fiber is a promising NLF for civil construction applications. Piassava is the common designa-
tion for the fibers obtained from the Attalea funifera palm tree. It is a long, strong, stiff, and almost impermeable
NLF, of wide availability in the market. It is mostly available in the northeastern region of Brazil, in states such as
Bahia, Alagoas, and Sergipe. Each Attalea funifera tree can provide around 8 to 10 kg of piassava fibers per year
[12]. Currently, most of the Brazilian piassava fiber is used to produce brooms and brushes. Due to their good tech-
nical properties, several researchers have been investigating piassava fibers for biocomposites [13—19].

MONTEIRO et al. [10] performed a comprehensive review of the properties of NLFs for biocompos-
ites. For the piassava fibers, they reported values of tensile strength in the wide range of 109 to 1750 MPa,
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as well as density varying from 1.0 to 1.4 g/cm? and Young’s Modulus from 6 to 7 GPa. MIRANDA et al.
[18] performed a physicochemical characterization of the piassava fibers subjected to several chemical
treatments. They found that the piassava fibers are mainly composed of cellulose (~52%), hemicellulose
(~3.5%), and lignin (~43%) [18]. REBELO et al. [16] found that the crystallinity index of piassava was
around 60%. They reported [16] also two main thermal decomposition events in a temperature program for
the piassava fibers: the first occurs at around 250 °C, attributed to hemicellulose decomposition, while the
second, attributed to cellulose decomposition, occurs at temperatures around 350 °C. The authors also note
that the decomposition of lignin can vary depending on the NLF species and occurs within a temperature
range from 150 to 450 °C [16].

Despite all the advantages of the NLFs, their hydrophilic nature is one of the main drawbacks for a wider
application. This tends to impair the fiber-matrix bonding in such biocomposites. In particular, for composites
produced using cementitious materials as matrix, NLFs may present in its composition substances that may
affect the hydration of the cement, affecting also the curing process. Aiming to avoid that, surface pretreatments
are usually performed prior to incorporation into the matrix to enhance interfacial adhesion and to reduce the
effects on biocomposite durability [15-19]. Alkaline treatments, for example, are efficient to remove amor-
phous extractives from plant fibers, increasing the crystallinity index and resistance to thermal degradation,
and improving the fiber-matrix adhesion. Some of the recently investigated pretreatments on piassava fibers are
graphene oxide-coating [15], mercerization with NaOH [16, 17] and Ca(OH), [17], acid treatment with H,SO,
[18], and acetylation [18].

One promising treatment that has recently been considered is the fiber modification with lignosulfonates
(LSs) [20-24]. LSs are lignin derivatives (biomass), by-products of the sulfite pulping of wood in the papermak-
ing industry. According to RUWOLDT [25], LSs are commonly used as dispersants, as in concrete plasticizers,
drilling mud thinners, and dye dispersants. Their molecular structure provides amphiphilic properties and thus
can link to several surfaces and interfaces. These applications suggest that LSs treatment might be promis-
ing surface modifiers for NLFs to improve the fiber-matrix bonding, especially in cementitious composites
[20-22]. GUALBERTO et al. [22] investigated the effects of modifying sisal fibers with sodium LS (SLS) for
use in cementitious composites. The authors found that the SLS treatment reduced fiber moisture absorption
and improved composite durability. OLIVEIRA et al. [21] studied the modification of sisal fibers with SLS,
however, composites with phenolic and LS-based matrices were produced, with good results. LI ef al. [23]
were able to modify the hydrophilic nature of cellulose fibers into hydrophobic by introducing layers of cationic
polyacrylamide and LS into to the fibers surface. Higher hydrophobicity was observed when the LS was the
outermost layer [23]. While SLS treatments have had good results in treating sisal and cellulose fibers, there has
been no investigation focusing on the response of piassava fibers to these treatments.

In this context, the present work investigates, for the first time, the physicochemical modifications that
the LS treatment causes in piassava (Attalea funifera) fibers in terms of microstructure, water absorption and
mechanical behavior.

2. MATERIALS AND METHODS

2.1. Materials

The piassava (Attalea funifera) fibers used in this study were donated by Vassouras Rossi Ltda., a broom man-
ufacturer located in Petropolis (Rio de Janeiro/Brazil). The fibers were received as a burden weighting approx-
imately 2 kg. Thicker fibers (which were more defective) were disregarded, while thinner fibers with diameters
ranging from 200 to 600 pm were selected for the study. An example of the fiber, as observed under an optical
microscope, is shown in Figure 1.

Sodium lignosulfonate (SLS) was used to prepare the solutions for the surface treatment of the piassava
fibers. The SLS was type 1259 Ultrazine NA (CAS No. 8061-51-6), donated by Lignotec Brasil (Brazil), a
company from the Borregaard Lignotec Group. According to the manufacturer, Ultrazine NA is based on highly
refined and modified SLS derived from spruce wood and sulfite liquor. It was provided as a brown water-soluble
powder. Table 1 shows some basic specifications of the chemical.

2.2. Methods

The fibers were categorized into four different groups: three groups underwent SLS treatment protocols, while
the remaining group served as the control group and was not subjected to SLS treatment. The fibers from the
control group, called “Raw Piassava”, were soaked in deionized water for 1 hour at 70 °C. After each treatment,
the fibers were dried at 104 + 2 °C until constant mass was achieved.
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Figure 1: Optical micrograph of the piassava surface, obtained in a model LAB-60T Laborana stereomicroscope. Magnifi-
cation: ~60x%.

Table 1: Sodium lignosulfonate (SLS) specifications.

LIGNOSULFONATE SPECIFICATIONS

pH (10% solution) 8.7+£0.8
Insolubles (w/w)% Max. 0.1
Sodium (%) 7
Calcium (%) Max. 0.1
Chloride (%) Max. 0.10
Alkali (%) Max. 12
Reducing sugars (%) 1

Table 2: SLS treatments and specimen designation.

TREATMENT PROTOCOL SPECIMEN DESIGNATION
1h immersion in water at 70 °C Raw piassava
1 h immersion in 5 wt.% SLS solution at 70 °C PL-70-1h
24 h immersion in 5 wt.% SLS solution at 25 °C PL-24h
1 h immersion in 5 wt.% SLS solution at 25 °C with ultrasonic irradiation PL-1h-US

To carry out the SLS treatment protocols, a 5 wt.% SLS solution in deionized water was used. These
specific protocols were selected based on their positive outcomes for another NLF, namely the sisal fiber [21].
They are detailed in Table 2.

Ultrasonic irradiation was produced in a laboratory ultrasonic bath (model SoniClean 2PS from Sanders)
at a frequency of 40 kHz. The aim of using the ultrasonic energy was to enhance the surface free energy of the
fibers and activate the surface to accept the SLS molecules. The ultrasonic vibration is known to cause cavita-
tion, a phenomenon of formation and outbreak of bubbles [21].

To determine the statistical distributions of piassava fiber diameters, fibers were measured using an
Olympus BX3M optical microscope. The fibers were placed on a cardboard fillet in the microscope holder and
examined at 10x magnification. A total of 40 fibers from each treatment were observed and measured. X-ray
diffraction (XRD) test was conducted to assess the changes in fiber crystallinity resulting from the several treat-
ment protocols. The XRD analyzes were performed in a model D8 Advance Polycrystal Bruker diffractometer.
Measurements were performed using Cu-Ka radiation, within the 26 range of 10° to 70°, with a scanning veloc-
ity of 2°/min and a step size of 0.05°. This particular 20 range was chosen to encompass the diffraction peaks
of the crystalline cellulose [26, 27]. For sample preparation, the fibers were cut to lengths of less than 1 mm.
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To calculate the Crystallinity Index (X)) of the piassava fibers, the diffraction patterns were analyzed
using Origin 8 software to obtain data on the peaks of native cellulose (JCPDS data 03-0289) and amorphous
phases. The X_is calculated from Equation 1 [26, 27]:

X = @.100% (1)

c
002

Where: X _is the crystallinity index; I, is the maximum intensity of the (002) crystalline plane of the cellulose
(20 around 22°); I is the intensity of the minimum (26 around 18°) between the peaks related to (002) and (101)
planes of the cellulose (26 ~22° and ~16°, respectively).

The fibers were analyzed by means of Fourier-Transform Infrared Spectroscopy (FTIR), in Attenuated
Total Reflection (ATR) mode. The objective was to evaluate the chemical bond changes resulting from the sev-
eral treatment protocols. As sample preparation, the fibers were ground in a cutting mill resulting in fine grains.
The spectra were obtained using a model Spectrum 100 Perkin Elmer infrared spectrometer, in the range of
4000-650 cm'. The resulting spectra were analyzed in accordance with the ASTM E2224 standard [28].

Thermogravimetric analysis (TGA) aimed to evaluate the thermal stability of the fibers. The tests were car-
ried out in a model DTG-60 Shimadzu calorimeter, from 21 to 500 °C, at a heating rate of 10 °C/min, in a nitrogen
atmosphere [15, 21]. The resulting spectra were analyzed in accordance with the ASTM E2550 standard [29].

Tensile tests were performed to analyze the mechanical behavior of the fibers. The tests were carried out
in accordance with the ASTM C1557 standard [30], in a model Tytron 250 MTS testing machine. Ten specimens
were tested for each treatment, with a test speed of 0.5 mm/min, using a 5 kN load cell and a gauge length of
40 mm [30]. The experimental setup for the tensile test is shown in Figure 2.

The surface modifications of the fibers were evaluated using scanning electron microscopy (SEM). The
SEM analyzes were performed in a model Quanta FEG 250 FEI equipment, with secondary electrons contrast to
observe the surface morphology. The chemical composition of the fibers was determined by Energy-dispersive
X-Ray spectroscopy (EDS) analysis, which allowed the images to be correlated to their chemical composition.

The moisture absorption capability of the fibers was evaluated by following the procedures outlined in
ASTM E1756 [31] and E104 standards [32]. Samples of 500 mg were taken from each fiber condition and dried at
105 £ 3 °C for 24 h in previously dried aluminum weighting pans. The specimens were allowed to cool in a desic-
cator with silica gel, and their dry mass (m ) was measured using an analytical balance with a precision of 0.1 mg.
Next, the specimens were placed in a desiccator with a fixed relative humidity of 75% [22, 32] and their weight was
measured after 1 h, 2 h, and 24 h. The moisture absorption (%Ab) was calculated using Equation 2, as following:

o mg, —my
%Ab = ————=-100% )
my

Where: %Ab is the moisture absorption (%); m, is the weight (g) for a particular exposure time in 75% relative
humidity; m, is the dry mass.
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Figure 2: Tensile tests: (a) Schematic of the tabs and samples prepared for the tests; (b) Test execution.
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3. RESULTS AND DISCUSSION

3.1. Diameter distribution

The statistical distribution of fiber diameters is shown in the histograms in Figure 3. Table 3 presents the maxi-
mum (D,,,.) and minimum (D, ) diameters found, along with the calculated average diameter (D,,) and stan-
dard deviation (o).

MIN

The average values and distributions shown in Figure 3 and Table 3 are very similar, indicating that the
starting points for diameter measurements are coincident for all treatment protocols. Given that SLS solution, in
general, only provide a thin layer of crystallization products on the surface of fibers [21, 22], it was not expected
that there would be any significant variation in diameter.

3.2. X-Ray Diffraction (XRD)

Figure 4 shows the diffraction patterns obtained for the piassava fibers. It shows that both Raw Piassava and
the treated fibers (PL-70-1h, PL-24h and PL-1h-US) present diffraction peaks in the same angular positions,
which demonstrates their cellulosic nature. Peaks related to the crystalline “native cellulose” phase (JCPDS data
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Figure 3: Diameter distributions for the fibers: (a) Raw Piassava; (b) PL-70-1h; (c) PL-24h; (d) PL-1h-US.

Table 3: Fiber diameter data.

SPECIMEN D,y (mm) D, (mm) D,, (mm) 6 (mm)
Raw Piassava 753 316 463 104
PL-70-1h 633 274 412 95
PL-24h 677 247 432 90
PL-1h-US 712 285 440 119
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Figure 4: Diffraction (XRD) patterns for piassava fibers.

Table 4: Peak information from the XRD spectra of the raw and treated piassava fibers.

PEAK POSITION (DEGREES) STRUCTURE CRYSTALLINE PLANE
16 Cellulose I (110) [35, 36]
22 Cellulose I (200) [35, 36]
36 Cellulose I (004) 35, 36]

Table 5: Peak intensity data and calculated crystallinity index (%CI) for the raw and treated fibers.

SPECIMEN Lo, I, X (%)
Raw piassava 5517.965 3156.268 42.80
PL-70-1h 5174.405 3069.004 40.69
PL-24h 5143.455 3095.515 39.82
PL-1h-US 5181.658 2982.124 42.45
Average: 414+14

03-0289) have been identified, as summarized in Table 4. Lignin and hemicellulose, however, are amorphous
constituents [33, 34] and contribute to lower the crystallinity index.

Based on the diffraction patterns (Figure 4), and using Equation 1, the values of the crystallinity index
(X,) were calculated and are shown in Table 5. The calculated X values for all specimens were around 40%
(Table 5), which are consistent with the values found on the literature [17, 18]. SANTOS et al. [14] obtained
X, = 30% for raw piassava fibers and X _ = 44% for mercerized fibers (using a 2% NaOH solution). REBELO
et al. [16] obtained X = 19% for the raw piassava and X_ = 30% for mercerized piassava fibers. MIRANDA
et al. [18] obtained higher values than the present work, X = 62% for raw piassava and X_= 65% for mercer-
ized fibers (using 10% NaOH solution). The increasing X_ values for mercerized fibers are expected since the
treatment removes part of the lignin and hemicellulose. The differences found between values from literature
[14, 16—18] and the ones from the present work might be attributed to the natural inhomogeneities of the fibers,
due to differences in growth conditions and processing characteristics. In addition, PARK ef a/. [26] have iden-
tified some limitations of the peak height technique which could also contribute to the variation among the
research groups [14, 16—18]: Natural misalignment in the apex of the amorphous halo relative to the minimum
position between the (002) and the (101) peaks; Consideration of just one cellulose crystalline peak (002), not
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considering the others; Not considering the peak width (crystallite size). Those assumptions are inherent to the
peak height technique, dependent on the instrumentation and data processing (e.g. whether or not removing the
diffraction pattern background). Therefore, PARK et al. [26] recommend that the peak height technique should
be primarily used to compare relative differences in samples, such as the ones from the present work.

According to Table 5, the specimens PL-70-1h and PL-24h had a slight decrease in the X compared to
the raw piassava. This might be caused by a decomposition phenomenon on the crystalline cellulose structure
(since cellulose is the only relevant crystalline compound) [14]. This indicates, also, that PL-70-1h and PL-24h
treatment protocols might not be as effective to remove amorphous compounds from the surface of the piassava
fibers when compared to the treatment with only hot water (Raw Piassava). These phenomena, however, were
less intense for the PL-1h-US specimen, which presented virtually the same value of X as the raw piassava.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 5 shows the FTIR spectra of the fibers. The spectra can be divided into two main wave number (WN)
groups: a high WN range from 3750 to 2800 cm™, then a second region with lower WN, from 1800 to
650 cm™! [14]. Typical bands from organic and lignocellulosic groups are present: 3340 cm™, attributed to OH
stretching vibrations due to intramolecular hydrogen bonds [14, 18, 19]; 2920 and 2851 ¢cm™ from stretch-
ing of aliphatic C-H bonds (methyl and methylene groups) [14]; 1718 and 1238 ¢cm™ from C = O stretching
vibration in acetyl and ester groups in lignin, hemicellulose and pectin [14, 18, 19, 35]; 1164 and 1032 ¢cm™!
(C-O-C pyranose) [35] from stretching vibrations of C-O-C groups, present in glucose rings in cellulose and
other compounds [14]; 898 cm™! from B-glycosidic bonds in cellulose; 1607 (C = C), 1512 (C-H) [18] and 1421
(methoxyl, -O-CH,) cm', characteristic vibrations referring to lignin [36].

Analyzing the spectra in Figure 5, the main differences are related to band intensities. No absence of
group bands could be noticed. Compared to the raw piassava spectrum, PL-70-1h and PL-24h spectra show less
intense bands. Otherwise, PL-1h-US shows much higher intense bands. It is a generalized phenomenon since all
bands in the spectrum are involved. In a recent paper, JOSE e? al. [20] evaluated the modification of wool fabrics
with the SLS solution, and they observed a similar phenomenon of generalized band shrinkage. They attributed
the phenomenon to the successful modification of SLS to the wool fabric. Besides that, the presence of the same
bands in all the spectra might be attributed to a low influence of the treatment in the bulk of piassava fibers.

3.4. Thermogravimetric Analysis (TGA)

Figure 6 exhibits the thermogravimetry (TG) curves for the fibers, while Figure 7 shows the differential thermo-
gravimetry (DTG) curves. All curves in Figure 6 displays three specific features: (a) small weight drop (around
10%) below 100 °C due to the vaporization of moisture; (b) an intense weight loss (around 50%) in the 250-350 °C

S

3 =—PL-24h

& e—PL-70-1h

é +—Raw Piassava
g A—PL-1h-US

=

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Wave number (cm!)

Figure 5: FTIR spectra for the raw and treated fibers.
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Figure 6: TG curves for the raw and treated fibers.
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Figure 7: DTG curves for the raw and treated fibers.

range; (c) A smoother weight loss from 350 °C to 500 °C. It is well-known [18-21, 35-37] that (b) is caused by
degradation and pyrolysis of hemicellulose (around 250 °C) and cellulose (around 350 °C). Regarding lignin,
literature states it is the most difficult component to decompose [18, 37]. This reaction occurs very slowly, in
a large range of temperatures (160-900 °C), so that the mass loss occurs in a very low rate [16, 18, 37], which
could be imperceptible in the TG and DTG curves. Another important feature in Figure 6 is the differences in
the residual mass (PL-24h > PL-1hUS > PL70-1h > Raw piassava). This might be attributed to the removal
of organic components during the treatment, often related to hemicellulose/lignin/extractives removal, which
might be considered beneficial, or cellulose degradation, which is not desirable. If the relation to the XRD
results (Table 5) is considered, it would imply that PL-1h-US is losing mostly amorphous components (not
cellulose) while PL-70-1h and PL-24h are losing a mix of cellulose and other amorphous components.

The changes in the different treatment protocols are highlighted in the DTG curves (Figure 7). All curves
are identical until the temperature of cellulose decomposition around 350 °C. Beyond this point, the DTG peaks
in the curves of the SLS-treated specimens (PL-70-1h, PL-24h, PL-1h-US) are shifted to higher temperatures
and present a smaller internal area. This suggests that although some cellulose decomposition occurred (as evi-
denced by the drop in the crystallinity index, X ), the remaining cellulose is less susceptible to further decom-
position [21].

3.5. Tensile tests

Figure 8 depicts the tensile stress-strain curves for both untreated and treated piassava fibers, and Table 6
provides a summary of the results, including the strength (c,) and maximum deformation prior to fracture (g ).
As shown in Figure 8, all specimens exhibit similar stress-strain behaviors, with an initial elastic response at
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Figure 8: Tensile stress-strain curves for the raw and treated fibers.
Table 6: Tensile test data obtained from the stress-strain curves.
SPECIMEN | PROPERTY SAMPLE AVERAGE
1 2 3 4 5 6 7 8 9 10
Raw o, (MPa) 357 | 236 | 457 | 390 | 484 | 450 | 201 | 550 | 558 | 175 386 + 140
Piassava €, (adm) 0.048 [ 0.040 | 0.018 [ 0.041 | 0.053 | 0.019 | 0.018 | 0.059 | 0.040 | 0.025 | 0.036 £ 0.015

¢, (MPa) 179 | 158 | 260 | 600 | 356 | 403 | 414 | 338 | 340 | 644 369 + 159
€, (adm) 0.025 { 0.021 | 0.028 [ 0.093 | 0.029 | 0.102 | 0.056 | 0.021 | 0.028 | 0.113 | 0.052 + 0.037
PL-24h o, (MPa) 377 | 446 | 333 | 490 | 480 | 261 | 239 | 365 | 360 | 308 366 + 86
€, (adm) 0.027 { 0.048 | 0.045 | 0.029 | 0.031 | 0.032 | 0.025 | 0.078 | 0.055 | 0.054 | 0.042 £ 0.017
PL-1h-US o, (MPa) 584 | 414 | 520 | 598 | 381 | 767 | 578 | 562 | 331 | 502 524 +£126
€, (adm) 0.090 | 0.026 | 0.020 | 0.068 | 0.017 | 0.069 | 0.032 | 0.041 | 0.026 | 0.078 | 0.047 £ 0.027

PL-70-1h

low deformation values, followed by a large non-linear region until fracture. The results show broadly disperse
numerical values for 6 and ¢ (Table 6), which might be attributed to natural inhomogeneities of the fibers, such
as variation in diameter and presence/absence of defects, as observed elsewhere [10].

PL-1h-US exhibited the highest strength values (524 + 126 MPa) among all specimens. An analysis of
variance (ANOVA) performed on the data confirmed a significant difference (p-value = 0.029542) between the
strength averages, with 95% confidence. A Tukey’s honest significant test (HSD) applied to the data showed
that the significant difference is between PL-1h-US and PL-24h (p-value = 0.04884). The superiority of the
PL-1h-US is consistent with the other results which indicated that the treatment preserves the cellulose structure
while removing the impurities from the fibers.
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The strength values obtained in this study for piassava fibers are within the range reported by MONTEIRO
et al. [10]. More recent works, such as those by MIRANDA et al. [18] and D’ALMEIDA et al. [19], reported
values closer to the bottom limit of the range reviewed by MONTEIRO et al. [10] and lower than those obtained
in this study. In contrast, the ¢ values, did not show significant differences between specimens.

3.6. Scanning Electron Microscopy (SEM)

Figures 9 to 12 depict scanning electron micrographs of piassava fibers, revealing different surface morpholo-
gies resulting from different treatments. The raw piassava fibers (Figure 9) display a rough surface with impu-
rities (extractives) present, while typical protrusions on piassava surface reported by other authors [10, 38] are
not visible. EDS analysis indicated the presence of carbon (C), oxygen (O), calcium (Ca) and silicon (Si) on
the surface. For PL-70-1h and PL-24h specimens (Figures 10 and 11, respectively), cleaner surfaces with the
expected protrusions are visible, indicating removal of extractives. However, some impurities are still observed,
albeit in a smoother morphology due to deposition of SLS crystals. EDS analysis showed the presence of C,
O, Ca, Si, and sodium (Na) in PL-24h (Figure 10), and sulfur (S) in PL-70-1h (Figure 11), consistent with SLS
absorption. Notably, the longer treatment (PL-24h) may cause damage to the fibers, evident by the extraction of
natural protrusions and small cracks on the surface.

The PL-1h-US specimen exhibits a remarkably clean surface with well-defined protrusions and surface
details, as evident from Figure 12. The treatment appears to be effective in removing the extractives without any
fiber degradation, as all the protrusions are preserved, and no cracks are observed. The EDS analysis reveals
no traces of SLS, with neither Na nor S detected indicating that PL-1h-US treatment is a reliable and effective
method for extractive removal while maintaining the integrity of piassava fibers.

Figure 10: SEM micrographs for the PL-70-1h fiber: (a) 1,000%; (b) 5,000x.
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Figure 12: SEM micrographs for the PL-1h-US fiber: (a) 1,000%; (b) 5,000x.
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Figure 13: Moisture absorption of the fibers.
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3.7. Moisture absorption

The moisture absorption of the fibers was depicted as a function of time in Figure 13. A tendency of reduced
moisture absorption in the first hours after drying was observed in the SLS-treated fibers (PL-70-1h, PL-24h,
and PL-1h-US). However, after 24 hours, the tendency was no longer observed, and the absorbed moisture of the
SLS-treated fibers was virtually the same as that of raw piassava. The initial reduced moisture absorption may
be attributed to the removal of hemicellulose due to SLS treatment since hemicellulose has the highest moisture
absorption capacity [39]. The moisture absorption levels of approximately 15% in 24 hours were found to be
consistent with the values of weight loss observed in the TG curve (Figure 6).

4. CONCLUSIONS

In the present work, several treatment protocols with sodium lignosulfonate (SLS) were applied to piassava
fibers to evaluate the influence on the microstructure and mechanical behavior of the fibers. The treatment pro-
tocols included: (1) Raw Piassava (control group): 1-hour immersion in deionized water at 70 °C; (2) PL-70-1h:
1-hour immersion in 5 wt.% SLS solution at 70 °C; (3) PL-24h: 24-hour immersion in 5 wt.% SLS solution at
room temperature (25 °C); (4) PL-1h-US: 1-hour immersion in 5 wt.% SLS solution in conjunction with ultra-
sonic irradiation (40 kHz). The main conclusions are presented below:

» The piassava fibers are partially crystalline, exhibiting the crystalline structure identified as native cellulose
(JCPDS data 03-0289). PL-70-1h and PL-24h specimens presented smaller crystallinity indexes (40.69 and
39.82%, respectively), compared to the Raw piassava (42.80%), which is explained by partial degradation
of the cellulosic structure. However, the PL-1h-US specimen presented near the same crystallinity index
(42.45%) as Raw piassava, indicating preservation of the cellulosic structure.

* The thermogravimetric analysis (TGA) provided signs of removal of organic components during the treat-
ment, related to hemicellulose/lignin/extractives removal. The differential thermogravimetric (DTG) curves
show that (post-treatment) remaining cellulose is less susceptible to decomposition.

e The PL-70-1h and PL-24h treatment protocols were able to partially clean the piassava surface, exposing
the fiber natural protrusions, but inducing SLS crystal deposits on the surface. The treatment for PL-1h-US,
however, was able to produce very clean surfaces, exposing small surface details and protrusions in the fibers,
also preserving the cellulosic structure.

* PL-1h-US was the treatment protocol in the present work with the best average strength values, reaching
524 + 126 MPa. This indicates that the treatment preserves the cellulosic structure while removing the impu-
rities from the fibers.

* A tendency of reduced moisture absorption in the first hours after drying was observed in the SLS-treated
fibers, attributed to the removal of hemicellulose due to SLS treatment.
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