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1. Introduction

Achieving sustainable infrastructure today requires 
far more than simply reducing the consumption of cement 
or steel. In geotechnical contexts, it also demands the 
efficient management of regional biomass streams that would 
otherwise overload landfills or disrupt natural ecosystems 
(Boudali  et  al., 2022; Bai  et  al., 2023; Li  et  al., 2024). 
Among these streams, tropical agro-industrial residues 
deserve particular attention due to their large volume and 
limited technological valorization. Particularly within 
the Amazon biome, the rapid expansion of açaí (Euterpe 
oleracea) production not only exemplifies this challenge but 
also offers relevant opportunities for the valorization of the 
resulting biomass (Balboni et al., 2019; Buratto et al., 2021; 
Polidori et al., 2024).

Brazil harvested approximately 1.7 million tons of açaí 
in 2023 alone, with about 95% of this production concentrated 
in the Northern Region. In this context, the state of Pará—host 
of COP30—stands out as the country’s leading producer, 
accounting for the largest share of national production (IBGE, 
2025). Considering that the edible pulp represents only about 
15% of the total fruit mass, approximately 85%—comprising 

seeds and fibrous mesocarp—remains as residual biomass 
after processing. This byproduct corresponds to more than one 
million tons of organic waste annually, imposing significant 
logistical and environmental challenges on local producers 
(Almeida et  al., 2017; Bufalino et  al., 2018). Converting 
this abundant residue into higher value-added inputs could 
mitigate pressures associated with waste management while 
simultaneously promoting the use of locally sourced materials 
within regional supply chains (Sato et al., 2019).

Within this scenario, the use of natural fibers derived 
from agricultural residues emerges as a technically promising 
pathway for sustainable geotechnical applications. These fibers 
have the potential to replace synthetic materials traditionally 
employed in soil reinforcement, contributing to reduced 
environmental impacts and enhanced valorization of residual 
streams (Rocha et al., 2022; Nguyen & Indraratna, 2023). Such 
lignocellulosic fibers offer advantages including low density, 
biodegradability, and mechanical properties comparable to 
synthetic alternatives (Pickering et al., 2016; Bordoloi et al., 
2017), making them particularly suitable for geotechnical 
applications such as fiber-reinforced soils in landfills and 
low-impact earthworks. Their effectiveness fundamentally 
depends on the fiber–matrix interfacial interaction, governed by 
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factors such as surface roughness, chemical composition, and 
hygroscopic behavior (Han et al., 2018; Vincenzini et al., 2021). 
The natural surface topography favors mechanical interlocking 
with soil particles, while the hydrophilic nature of the fibers 
facilitates bonding in cementitious matrices, although it 
requires appropriate control in moisture-sensitive environments 
(Ali et al., 2016; Hassanpour & Karbhari, 2024).

This has led to growing interest in utilizing Amazonian 
agro-extractive residues, such as açaí waste, to create sustainable 
construction materials with enhanced mechanical, thermal, and 
environmental performance (Azevedo et al., 2021; Rocha et al., 
2022; Oliveira et al., 2024; Leite-Barbosa et al., 2024). Previous 
studies involving açaí fibers have primarily focused on energy 
applications (Bufalino et al., 2018; Sato et al., 2019), cementitious 
composites (Azevedo et al., 2021; Natalli et al., 2024), and 
reinforcement of polymer matrices (Martins et  al., 2008; 
Tavares et al., 2020), establishing basic mechanical and thermal 
properties. However, a comprehensive characterization aligned 
with the specific requirements of geotechnical applications—
including surface morphology, crystallinity, water absorption 
kinetics, interfacial properties, and thermal stability under 
field conditions—remains limited. Consequently, it has not 
yet been clearly established whether açaí fibers meet, in an 
integrated manner, the performance and durability requirements 
imposed by real geotechnical applications, thereby hindering 
informed material selection and optimization of their use 
(Lopes & Casagrande, 2022; Santos et al., 2022).

Surface treatments represent an effective strategy to modify 
fiber–matrix interactions through chemical functionalization 
or physical coating. Among these approaches, silica-based 
treatments have demonstrated potential by creating hydrophobic 
barriers while simultaneously enhancing interfacial bonding 
through the formation of siloxane linkages, thereby increasing 
durability in moisture-exposed environments (Signorini et al., 
2018; Hasanzadeh et al., 2022). The application of colloidal silica 
enables its penetration into the fiber microstructure, promoting the 
formation of Si–O–cellulose bonds that reduce water absorption 
without compromising surface roughness, a key feature for 
mechanical interlocking with soil (Zhu et al., 2019; Maia et al., 
2022). However, despite the proven efficacy of silica coatings 
in other composites, their specific impact on the açaí fiber–soil 
matrix interface remains largely unexplored. Crucial aspects, 
such as the extent to which colloidal silica modifies the intrinsic 
micro-roughness of açaí fibers, its efficiency in neutralizing 
surface acidity for compatibility with alkaline soils, and the 
resulting moisture resilience under geotechnical conditions, 
have not yet been systematically evaluated. Addressing these 
specific interface unknowns is essential before validating treated 
açaí fibers as reliable geotechnical reinforcements.

In this context, the present study provides a systematic 
characterization of untreated and colloidal silica-treated açaí 
fibers, focusing on their subsequent application as sustainable 
geotechnical reinforcement. Unlike previous works, this research 
integrates physicochemical, mechanical, and hygroscopic analyses 
from a perspective directly aligned with the requirements of 

geotechnical engineering. The specific objectives include: (i) 
characterizing surface morphology and dimensional variability 
to assess mechanical interlocking potential; (ii) determining 
intrinsic physical and microstructural properties, including 
density and lignocellulosic composition; (iii) evaluating moisture 
susceptibility and the effectiveness of the silica coating in 
enhancing hydro-repellency; (iv) analyzing surface chemistry 
and mineralogical modifications induced by the treatment; (v) 
investigating thermal stability under degradation conditions; and 
(vi) assessing the balance between tensile strength and ductility 
to ensure mechanical compatibility with soil deformations. 
The results aim to demonstrate the suitability of açaí fibers for 
sustainable soil reinforcement in geotechnical applications, 
providing a comprehensive technical foundation for the 
valorization of this abundant agro-industrial residue.

2. Materials and methods

2.1 Materials

Natural fibers of açaí (Euterpe oleracea) were recovered 
from waste generated during the extraction of the açaí fruit 
in Belém, Pará, Brazil. The açaí fibers (Figure  1) were 
provided by a company that processes açaí‑seed biomass. 
They mechanically separate the fibrous mesocarp from 
the endocarp through continuous drying at 300 °C inside 
large, rotating steel drums. At the industrial scale, this 
high-temperature exposure is required to rapidly arrest the 
natural fermentation of the moist biomass and to embrittle 
the physical adherence between the fibers and the hard 
seed, facilitating their effective mechanical detachment. 

Figure 1. Açaí seed fibers.
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The fibers are a residual by-product typically discarded 
after pulp extraction; however, the company repurposes this 
material by marketing it either as an organic fertilizer or by 
pressing it into various wood-based artifacts.

In the present study, fibers were analyzed in untreated 
and surface-treated conditions. Surface modification aimed 
at improving durability and resistance to biodegradation 
was carried out using colloidal silica (LUDOX® TM-50, 
50 wt% SiO2, Sigma-Aldrich). The treatment protocol was 
adapted from hydrophobization methods previously applied 
to lignocellulosic fibers (Silveira et al., 2022), incorporating 
immersion procedures reported for silica-nanoparticle 
dip-coating of natural fibers (Nguyen-Tri  et  al., 2019; 
Hasanzadeh et al., 2022; Maia et al., 2022).

Guided by established protocols for silica coating of 
natural fibers, which recommend reducing the concentration 
of commercial colloidal suspensions to balance coating 
thickness and preserve fiber flexibility (Signorini et al., 2018; 
Silveira et al., 2022), two dilution ratios with distilled water 
(1:1 and 1:2) were preliminarily evaluated. The immersion 
time was fixed based on the saturation period determined in 
the water-absorption test to ensure uniform penetration of the 
solution into surface voids. Air-dried fibers were weighed 
(±0.001 g), fully submerged, removed after immersion, 
lightly blotted to remove excess solution, and oven-dried at 
60 °C until constant mass. Fibers treated with the 1:2 dilution 
adhered to each other after drying, becoming rigid and brittle, 
whereas fibers treated with the 1:1 dilution remained loose 
and flexible. Consequently, the 1:1 dilution was adopted for 
all subsequent analyses.

2.2 Physical and microstructural properties

2.2.1 Morphology and geometry

Fiber morphology and geometry were characterized 
using a Quanta 450 scanning electron microscope (SEM, FEI 
Company) operated at 15 kV in low-vacuum mode (10,200 
Pa). Prior to imaging, fibers were sputter-coated with gold 
using a Q150R ES Plus system (Quorum Technologies). 
ImageJ software (Schneider et al., 2012) was employed to 
delineate fiber contours and quantify length, diameter, and 
cross-sectional area. This procedure follows established 
methodologies for dimensional characterization of lignocellulosic 
fibers using SEM and image analysis (Kargarzadeh et al., 
2012; Liu et al., 2019).

2.2.2 Specific gravity

The specific gravity of the fibers was determined by 
helium gas pycnometry using a Pentapyc 5200e pycnometer 
(Quantachrome Instruments), following ASTM D5550 
(ASTM, 2023b). Measurements were performed in triplicate 
to ensure reproducibility.

2.2.3 Crystallinity

X-ray diffraction (XRD) analysis was performed to 
evaluate the cellulose crystallinity, a fundamental parameter 
that influences the mechanical strength, stiffness, and 
durability of the fibers, as well as to verify whether the 
surface silica treatment inadvertently altered the internal 
lignocellulosic core. XRD patterns were collected using a 
D8 FOCUS diffractometer (Bruker) with CuKα radiation 
in θ–2θ configuration. Analyses were conducted at 40 kV 
and 30 mA over a 2θ range from 10° to 70°, with an 
angular step of 0.05° and a scanning speed of 1° min−1. The 
cellulose crystallinity index (CI) was calculated using the 
Segal et al. (1959) method.

2.2.4 Water absorption

Water absorption analysis was conducted because 
moisture susceptibility is a critical limiting factor for natural 
fibers in geotechnical applications, often leading to swelling 
and accelerated biodegradation. Triplicate 1.0 g air-dried 
fiber samples, untreated and silica-coated, were immersed in 
distilled water at room temperature and weighed after 15 and 
30 min, 1, 2, 4, 8, 24, 48, 72, 96, and 120 h. Excess surface 
water was removed by manual spinning for approximately 
2 min followed by blotting on absorbent paper. Water 
absorption, A (%), was calculated from the initial dry mass 
and the wet mass after immersion. Water uptake was plotted 
as a function of time to determine the saturation period used 
in designing the surface treatment.

2.3 Chemical characterization

2.3.1 Elemental composition and functional-group analysis

Chemical characterization via Fourier transform infrared 
spectroscopy (FTIR) and X-ray fluorescence (XRF) was 
conducted to evaluate the intrinsic surface chemistry of the 
fibers and to chemically confirm the successful deposition 
of the silica coating, which directly governs the fiber–soil 
interfacial bonding.

FTIR was performed using a Bruker Alpha II spectrometer 
equipped with an attenuated total reflectance (ATR) accessory. 
Finely cut fiber samples were pressed directly onto the ATR 
crystal without chemical pre-treatment. FTIR was used 
to identify functional groups associated with cellulose, 
hemicellulose, and lignin, as well as chemical modifications 
induced by the silica coating.

Elemental composition was quantified by XRF using 
a Shimadzu EDX-720HS spectrometer with Quali-Quanti 
software, operating at a maximum voltage of 50 kV and 
current of 3 mA. Fibers were oven-dried at 60 °C until 
constant mass, ground to fine powder, and pressed into pellets 
to ensure surface uniformity.
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2.3.2 Lignocellulosic composition

Determining the lignocellulosic composition is essential 
because the relative proportions of lignin, cellulose, and 
hemicellulose dictate the fiber’s intrinsic resistance to 
microbial degradation and hydrolytic attack in geotechnical 
environments. The lignocellulosic composition was determined 
in duplicate following the acid-hydrolysis protocol described 
by Gessner (2005). Fibers were first Soxhlet-extracted 
with distilled water and ethanol to remove extractives. 
The extracted material was then treated with 72% H2SO4 
to hydrolyze cellulose, rinsed with hot distilled water until 
acid-free, and oven-dried. The residue was incinerated 
to constant mass. Cellulose content was calculated from 
mass loss after acid treatment, lignin corresponded to the 
remaining solid residue, and hemicellulose was determined 
by difference.

2.3.3 pH

Fiber pH was measured in aqueous suspension and in 1 
mol L−1 KCl solution using a calibrated pH meter, following 
EMBRAPA guidelines (Teixeira et al., 2017). This procedure 
provides insight into surface acidity and potential interactions 
with composite matrices (Crippa et al., 2025), particularly 
concerning the fiber’s chemical stability when exposed to 
alkaline soil conditions.

2.4 Mineralogical characterization

Ash content analysis was performed to quantify the 
inorganic mineral fraction, serving as a direct macroscopic 
indicator of the silica coating’s effectiveness in creating an 
inert protective shell. Ash content was determined according 
to ASTM D2974-20e1 (ASTM, 2023a). Samples were 
combusted in a muffle furnace (Fornitec F2-DM) with a 
heating rate of approximately 10 °C min−1 up to 450 °C, 
maintained for 4 h. After cooling in a desiccator, ash content 
was calculated as the ratio between final residue mass and 
initial dry mass.

2.5 Thermal characterization

Thermal characterization was carried out to evaluate 
the degradation kinetics of the fibers, providing indirect 
evidence of their physical robustness against environmental 
weathering and verifying the enhanced stability provided by 
the surface treatment. Thermogravimetric analysis (TGA) 
and derivative thermogravimetry (DTG) were conducted 
using a Shimadzu DTG-60H under nitrogen atmosphere 
from 25 °C to 650 °C at a heating rate of 10 °C min−1. Mass-
loss stages associated with moisture release, hemicellulose 
and cellulose decomposition, and lignin degradation were 
identified to assess thermal stability.

2.6 Mechanical properties

Direct tensile tests were performed following ASTM C1557 
(ASTM, 2020) using a Zwick 1445 universal testing machine 
equipped with serrated pneumatic grips and a displacement 
rate of 0.1 mm min−1. Single fibers were mounted in paper 
frames (180 g m−2; 70 mm × 30 mm) with a 5 mm central 
opening and bonded using cyanoacrylate adhesive. EVA strips 
(1 mm thick) were attached at the frame ends to prevent grip 
damage. Sixty tests were conducted, yielding fifteen valid 
results. This high rejection rate is typical in natural fiber testing 
and was governed by strict exclusion criteria to ensure data 
reliability and prevent bias. Specifically, tests were discarded 
if the fiber slipped within the bonded area, failed prematurely 
at the grip interface due to stress concentrations, or exhibited 
macroscopic handling defects prior to loading. Only specimens 
that ruptured cleanly within the central gauge length, strictly 
adhering to ASTM C1557 guidelines, were considered valid 
for the analysis. Frame sides were cut immediately before 
loading to ensure free axial tensile action.

Mechanical tests were conducted exclusively on 
untreated fibers to establish baseline tensile properties of the 
fiber core. The silica treatment produces a surface layer that 
primarily modifies surface chemistry and durability rather 
than intrinsic tensile strength, as reported for sol–gel SiO2 
and silane coatings (Signorini et al., 2018; Nasser et al., 2018; 
Zhu et al., 2019). Thus, untreated fiber properties provide a 
representative basis for evaluating reinforcement potential 
in geotechnical composites.

3. Analysis and results

3.1 Physical and microstructural properties

3.1.1 Morphology and geometry

SEM observations (Figure 2a–b) show that açaí fibers present 
an elongated morphology with a markedly heterogeneous and 
rough surface, densely populated by silica (SiO2) microgranules 
(indicated by arrows in Figure 2a). These microstructures are 
irregularly distributed along the fiber surface and confer a 
textured topography distinct from smoother lignocellulosic 
fibers. Internal voids associated with lumen channels were 
also observed, running longitudinally along the fiber axis 
(Pickering et al., 2016; Mesquita et al., 2018).

The dense population of SiO2 microgranules observed 
on the fiber surface distinguishes açaí fibers from many other 
lignocellulosic reinforcements and plays a central role in 
interfacial behavior. Similar silica bodies have been reported 
for açaí residues by Azevedo et al. (2021) and Tavares et al. 
(2020), and were linked to increased stiffness of the cell wall 
by Mesquita et al. (2018). From a geotechnical perspective, 
increased surface roughness enhances frictional resistance and 
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mechanical interlocking at the soil–fiber interface, leading 
to higher interface shear strength and friction angles, as 
demonstrated in reinforced-soil studies (Han et al., 2018; Abu 
Qamar & Suleiman, 2022; Pathak et al., 2025; Zhang et al., 
2025). The natural silica inclusions in açaí fibers therefore 
act as intrinsic roughness-enhancing agents, improving 
soil–fiber bonding through increased asperity contact and 
particle coordination.

Surface-treated fibers exhibited distinct coating 
morphologies depending on silica concentration (Figure 3a–b). 
The 1:1 colloidal silica dilution produced a continuous and 
adherent coating layer, whereas the 1:2 dilution resulted 
in incomplete coverage and fiber agglomeration due to 
excessive rigidity after drying. Based on these observations, 
only fibers treated with the 1:1 dilution were considered for 
further analyses.

Figure 2. Morphology of açaí fibers: (A) rough surface densely populated with SiO2 microgranules (indicated by arrows); (B) elongated morphology.

Figure 3. SEM waterproofed açaí fibers in a ratio of (A, B) 1:1; (C, D) 1:2.
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Cross-sectional analysis revealed two predominant 
geometries: approximately cylindrical and flattened sections 
(Figure 4a and 4b). Transverse cuts, performed manually using 
a sharp surgical scalpel, also exposed elongated lumens that 
were frequently collapsed or distorted due to the mechanical 
stress of the sectioning process (Figure 4c and 4d), reflecting 
the typical anatomical structure of lignocellulosic fibers.

Image analysis yielded an average fiber diameter of 
0.136 mm with a coefficient of variation of approximately 
30%, and an average length of 9.4 mm (Table 1). The broad 
dispersion of dimensions reflects the natural variability of 
açaí fibers.

Fiber geometry further influences load transfer 
mechanisms. The coexistence of cylindrical and flattened 
cross-sections reflects the anatomical variability typical 
of lignocellulosic fibers and has been widely reported for 
natural reinforcements extracted under different growth and 
processing conditions (Pickering et al., 2016; Garat et al., 2018). 

Flattened or elliptical sections increase contact area and promote 
mechanical interlocking, while diameter variability affects 
stress transfer and pull-out resistance (Vincenzini et al., 2021; 
Huzni et al., 2022). In addition, the presence of elongated 
lumens—common in plant fibers—creates preferential 
pathways for water ingress, which may accelerate degradation 
when fibers remain untreated (Pickering  et  al., 2016). 

Figure 4. Recurrent cross-sectional shapes: (A) approximately cylindrical; (B) distinctly flattened. Cross section of açaí fiber: (C) general view; 
(D) lumens in close-up.

Table 1. Açaí fibers dimensional parameters.
Df (mm) Lf (mm) Authorship

0.136 ± 0.04 9.432 ± 2.83 Current work
0.12 ± 0.03 21.2 ± 7.5 Polidori et al. (2024)
0.11 ± 0.03 22 ± 8.7 Mesquita et al. (2018)

0.164 ± 0.052 - de Oliveira et al. (2019)
~0.3 ~25 Marvila et al. (2020)
~0.08 ~20 Pessoa et al. (2010)
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Such morphological heterogeneity must therefore be considered 
when defining fiber dimensions and mixing procedures for 
geotechnical applications.

3.1.2 Specific gravity

The specific gravity of açaí fibers was measured as 
0.89 ± 0.03 g·cm−3. This value places açaí among the lightest 
lignocellulosic reinforcements, confirming its lightweight 
nature. It is comparable to coir and significantly lighter than 
jute or sisal (Nguyen & Indraratna, 2023). In reinforced 
soils, this characteristic is advantageous for reducing the 
unit weight of fills and embankments while maintaining 
effective reinforcement. When combined with surface 
roughness imparted by silica inclusions, low density does 
not compromise interfacial performance, but rather supports 
efficient stress redistribution within the soil matrix.

3.1.3 Crystallinity

X-ray diffraction patterns (Figure 5) indicate a crystallinity 
index (CI) of 47% for untreated fibers. After colloidal silica 
treatment, the CI increased to 49%, accompanied by a slight 
shift of the main cellulose diffraction peak from 2θ = 22.7° to 
22.15°. These results indicate a modest increase in crystalline 
order following surface treatment.

The crystallinity index of untreated açaí fibers falls within 
the typical range reported for plant-based reinforcements 
(Poletto et al., 2014; Lima et al., 2021). The modest increase 
in crystallinity after colloidal silica treatment is consistent 
with observations reported for thermally treated açaí fibers 
(Tavares et al., 2020) and chemically modified eucalyptus 

fibers (Oliveira et al., 2024), and is generally attributed to 
surface-level filling of amorphous regions rather than internal 
structural alteration. As emphasized by Cruz & Fangueiro 
(Cruz & Fangueiro, 2016), waterproofing treatments can 
modify surface characteristics without compromising the 
integrity of the lignocellulosic core. In this context, the primary 
contribution of silica coating lies in surface protection rather 
than intrinsic strengthening.

3.1.4 Water absorption

The water absorption behavior of untreated and 
silica-coated fibers is presented in Figure 6. Both materials 
exhibited rapid initial water uptake within the first 24 h, 
reaching approximately 53–54% mass gain. Beyond this 
period, untreated fibers continued to absorb water, reaching 
approximately 80% at 48 h and stabilizing thereafter.

In contrast, silica-coated fibers reached saturation within 
approximately 30 min and showed only minor additional 
uptake (<2%) over extended immersion times. Overall, 
long-term water absorption of treated fibers was reduced to 
nearly half that of untreated fibers.

Water absorption behavior highlights one of the most 
critical limitations of untreated natural fibers in geotechnical 
environments. The continued uptake of water observed 
in untreated açaí fibers reflects moisture migration into 
lumens and secondary cell wall layers, a process associated 
with swelling, hemicellulose leaching, and accelerated 
biodegradation under wet–dry cycles (Castro et al., 2022; 
Lv et al., 2023; Eleutério et al., 2025). The colloidal silica 
treatment markedly altered this behavior by limiting long-term 
water diffusion, stabilizing mass gain within minutes, and 

Figure 5. Intensity vs 2θ graph for crystallinity calculation.
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reducing total absorption to nearly half that of untreated fibers. 
Similar reductions have been reported for silica-coated sisal 
fibers (Silveira et al., 2022) and polymer-treated Amazonian 
fibers (Oliveira et al., 2020). By reducing the availability of 
free hydroxyl groups and limiting capillary flow along the 
fiber surface, hydrophobic treatments effectively preserve 
interfacial integrity and mechanical performance under cyclic 
moisture exposure (Oun et al., 2022; Shifa et al., 2024).

3.2 Chemical Characterization

3.2.1 Elemental composition and functional-group analysis

FTIR spectra of untreated and silica-coated fibers are 
shown in Figure 7. Untreated fibers exhibited characteristic 
absorption bands associated with lignocellulosic materials, 
including broad O–H stretching (3700–3000 cm−1), C–H 

stretching (2900–2800 cm−1), C=O stretching (1740–1710 cm−1), 
aromatic C=C vibrations (1605–1505 cm−1), and cellulose-
related bands in the 1200–900 cm−1 region.

After silica treatment, a reduction in O–H band 
intensity was observed, along with increased intensity in the 
1200–900 cm−1 region, indicating surface modification. Other 
spectral features remained largely unchanged, suggesting 
preservation of the lignocellulosic core.

XRF results (Table 2) show that untreated fibers contain 
significant amounts of Fe, K, Si, and Ca. Following silica 
treatment, silicon content increased to approximately 91 wt%, 
while the relative proportions of other elements decreased 
accordingly, consistent with the formation of a silica-rich 
surface layer.

FTIR results indicate partial masking of hydroxyl 
groups and preservation of the lignin framework, while 
XRF confirms the formation of a silicon-rich surface layer. 

Figure 7. Fourier Transform Infrared Spectroscopy.

Figure 6. Graph of water absorption versus time.
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The substantial increase in surface silicon mirrors results 
reported for silica-treated sisal fibers (Silveira et al., 2022) 
and explains both the reduced water uptake and the increased 
ash content. From a durability standpoint, the SiO2 shell acts 
as a chemically inert barrier that limits ion exchange with 
pore fluids and reduces susceptibility to microbial attack.

3.2.2 Lignocellulosic composition, pH and ash content

The lignocellulosic composition of açaí fibers is 
summarized in Table  3. The fibers exhibited cellulose, 
lignin, and hemicellulose contents within the ranges 
previously reported for açaí residues. The composition is 
characterized by a relatively high lignin fraction, moderate 
cellulose content, and comparatively low hemicellulose 
content.

The lignocellulosic composition of açaí fibers further 
enhances their durability potential. The relatively high lignin 
content and low hemicellulose fraction place açaí between 
coir and sisal in terms of resistance to hydrolytic degradation 
(Bordoloi et al., 2017). Hemicellulose is the most hydrophilic 
and unstable constituent of plant fibers, and its degradation 
under cyclic moisture exposure has been shown to reduce 
tensile strength by up to 70% in natural-fiber composites 
(Lv et al., 2023). Consequently, the intrinsic composition of 
açaí fibers provides an advantage over hemicellulose-rich 
reinforcements.

Regarding pH results, untreated fibers are slightly 
acidic (pH ≈ 6), with KCl dropping 0.5 units due to 
surface carboxyl and phenolic groups. After coating, 
water-suspension pH rises to near-neutral (6.9) and KCl 
to 6.0, indicating SiO2 neutralizes acidic sites. This is 
advantageous in alkaline soils by retarding proton-catalyzed 
hydrolysis and enhancing interface stability. Guarino et al. 
(2015) demonstrated that alginate remains stable only at 

pH 5–10, where proton-catalyzed hydrolysis (pH < 5) and 
β-alkoxy-elimination (pH > 10) are minimized, supporting 
neutralizing treatments to preserve fiber integrity. The 
negative ∆pH indicates predominant negative surface 
charges, enhancing soil-fiber interaction when soil has 
opposite charges (Crippa et al., 2025). Overall, the silica 
treatment creates an Si-dominant, hydrophobic shell that 
neutralizes acidity and reorganizes surface groups without 
disrupting the lignocellulosic core.

Ash testing quantifies inorganic residue after organic 
combustion, measuring a fiber’s mineral fraction. Table 3 
shows ash results for untreated and silica-coated açaí fibers. 
Untreated fibers contain ~2% ash, consistent with the 1–3% 
range for lignocellulosic reinforcements (Bilcati et al., 2018). 
Eleutério et al. (2025) reported similar values: cotton 0.8–2%, 
hemp ~0.8%, jute 0.5–2%, and sisal 0.6–1%, corroborating 
açaí’s 2% ash content. This low fraction indicates the fiber 
is primarily cellulose, hemicellulose, and lignin, with minor 
minerals (Si, Fe, Ca, K) identified by XRF.

After silica treatment, ash rises sharply to ~17%, 
confirming SiO2 deposition. This 15-percentage-point gain 
corroborates the 91% Si from XRF and reduced O–H intensity 
in FTIR. Unlike thermal treatment, which removes minerals 
(Tavares et al., 2020), silica coating enhances mineral surface 
roughness.

Geotechnically, increased mineral fraction offers two 
advantages: (1) durability—the inert SiO2 shell resists microbial 
attack and degradation, similar to Silveira et al. (2022), who 
reported 20% tensile strength gains in silica-coated sisal; (2) 
interfacial behavior—mineralized surfaces enhance friction 
and interlocking with soil (Kadhim & Alyounis, 2024).

The ash results confirm silica treatment substantially 
modifies mineralogical composition while preserving the 
lignocellulosic core, supporting long-term geotechnical 
reinforcement.

Table 2. X-ray Fluorescence result of açaí fibers.
Element (%) Fe K Si Ca Mn S Cr P Al Cu Zn Ti

NF 27.7 20.5 20.5 14.3 5.3 4.0 2.8 2.3 1.7 0.5 0.4 -
WF 1.5 1.3 90.9 2.6 0.5 1.4 0.1 - 1.6 - - 0.1

Note: NF = natural fibers; and WF = waterproofed fibers.

Table 3. Results of structural composition, surface pH, and ash content of untreated and silica-coated açaí fibers.
Property Parameter Natural fibers Waterproofed fibers

Structural component contents Cellulose (%) 31 -
Hemicellulose (%) 12 -

Lignin (%) 45 -
pH pH (H2O) 5.80 6.92

pH (KCl) 5.28 5.96
ΔpH (KCl – H2O) -0.52 -0.96

Ash content Organic matter (%) 97.59 82.57
Inorganic matter (%) 2.41 17.43



Açaí fiber from Amazonian waste: advanced characterization for sustainable geotechnical reinforcement applications

Soil. Rocks, São Paulo, 2026 49(3):e2026001026 10

3.3 Thermal characterization

Thermogravimetric (TGA) and derivative thermogravimetric 
(DTG) curves for untreated and treated fibers are shown in 
Figure 8. Three main mass-loss stages were identified: an 
initial stage below 200 °C associated with moisture loss; a 
second stage between approximately 200 °C and 370 °C 
corresponding to hemicellulose and cellulose degradation; 
and a third stage extending up to 500 °C associated with 
lignin decomposition.

Untreated fibers retained approximately 87% of their 
mass at 200 °C and yielded a char residue of approximately 
14% at 850 °C. Silica-treated fibers exhibited increased 
mass retention at intermediate temperatures and a higher 
final residue of approximately 29%, indicating enhanced 
thermal stability.

Thermal analyses provide additional evidence of the 
effectiveness of silica coating. The enhanced thermal stability 
and higher char yield reflect increased resistance to thermal 
and oxidative degradation. Comparable improvements in 
thermal behavior have been reported for chemically treated 
natural fibers and composites (Nurazzi et al., 2021; Neto et al., 
2021), although the final effect depends on fiber–matrix 
interactions (El-Shekeil et al., 2012). The high char yield 
observed is consistent with the elevated lignin content of 
açaí fibers, as lignin is known to promote char formation 
due to its aromatic structure (Zhang et al., 2018).

3.4 Mechanical properties

From direct tensile tests, the values mean ± standard 
error of tensile strength, Young’s modulus, and elongation 
at the break were determined for natural açaí fibers, which 
are presented in Table  4. Exhibiting a tensile strength 
of ≈250 MPa ± 3.55, açaí fibers match or exceed many 
natural reinforcements. This is only 8% lower than sisal’s 

271 MPa (Silveira et al., 2022) and exceeds coir’s 95–230 MPa 
(Hasan et al., 2021; Martinelli et al., 2023), kenaf’s 20–230 MPa 
(Huang  et  al., 2025; Radzuan  et  al., 2020), and fique’s 
142–262 MPa (Muñoz-Blandón et al., 2023). High lignin 
(45%) and moderate crystallinity (49%) account for this 
strength-toughness balance. Natural fiber tensile strength 
typically ranges 150–800 MPa, influenced by diameter, 
lignin, and cellulose crystallinity (Pickering et al., 2016).

The reported variability, expressed as standard 
error, reflects the natural dispersion typically observed 
in lignocellulosic fibers and should be considered when 
defining design safety factors in geotechnical applications. 
The modulus of 3.7 GPa is lower than sisal’s 5.5 GPa 
(Silveira et al., 2022) but close to that of coir (4 ± 1 GPa). 
Considering that soils typically exhibit elastic moduli 
substantially below 1 GPa, this stiffness contrast between 
the reinforcement and the surrounding matrix plays a critical 
role in load transfer efficiency (South Carolina Department 
of Transportation (SCDOT, 2022). Such contrast is expected 
to enable more efficient stress transfer while avoiding 
the brittleness typically associated with high-modulus 
synthetic fibers, thereby promoting favorable mechanical 
compatibility with the soil.

Furthermore, a mean failure strain of 7.8%—approximately 
50% greater than the 5.2% recorded for sisal—provides a 
ductile response, allowing the fibers to accommodate soil 
settlements and deformations without catastrophic failure. The 
ductility of the fibers not only enhances strain compatibility 
with clayey soils but also reduces the risk of sudden pull-out 
failure in reinforced slopes and embankments.

Figure 8. Thermogravimetry (TGA/DTG) results on natural açaí fibers.

Table 4. Results of direct tensile tests on açaí fibers.
Tensile Strength 

(MPa)
Young’s modulus 

(GPa)
Elongation at break 

(%)
249.72±3.55 3.73±0.33 7.83±0.70
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The combination of moderate tensile strength and high 
elongation at break in açaí fibers offers an optimal balance 
for soil reinforcement applications, where excessive stiffness 
may induce stress concentrations and brittle failure. These 
characteristics establish açaí fiber as a robust and chemically 
durable reinforcement, particularly well-suited to tropical 
geotechnical environments, where seasonal variations in 
moisture content and microbial activity pose significant 
challenges to unprotected natural fibers.

Although the mechanical testing in this study focused 
exclusively on untreated fibers to establish the baseline 
properties of the lignocellulosic core, the application of the 
colloidal silica coating is theoretically expected to influence 
the overall composite behavior. Based on the literature 
regarding surface-treated natural fibers (Signorini  et  al., 
2018; Silveira et al., 2022), the formation of a rigid SiO2 
shell does not typically alter the ultimate tensile strength of 
the internal fiber core. Furthermore, because the treatment 
successfully preserves the intrinsic surface roughness and 
dimensional variability of the açaí fibers, it maintains their 
natural capacity for mechanical interlocking within the soil 
matrix. Consequently, the primary influence of the silica 
treatment is anticipated to be related to long-term durability, 
protecting the fiber from hydrolytic swelling and microbial 
degradation, rather than a direct increase in the immediate 
macroscopic mechanical resistance of the reinforced soil. This 
ensures that the favorable baseline mechanical properties are 
sustained over time in challenging geotechnical environments.

4. Conclusion

This study provides a multi-scale characterization of 
untreated and colloidal silica-treated açaí fibers, demonstrating 
their potential as sustainable geotechnical reinforcements. 
The main findings are:

•	 Açaí fibers exhibit a naturally rough and heterogeneous 
surface densely populated by SiO2 microgranules, 
which enhance soil–fiber friction and mechanical 
interlocking. The fibers also present low specific 
gravity (0.89 ± 0.03 g·cm−3), making them suitable 
for lightweight geotechnical applications;

•	 The lignocellulosic composition (cellulose 31%, 
hemicellulose 12%, lignin 45%) indicates potential 
resistance to biodegradation, particularly due to the 
high lignin and low hemicellulose contents compared 
to other natural fibers;

•	 Colloidal silica treatment significantly improved 
hydro-mechanical behavior, reducing water absorption 
from approximately 80% to about 40% and shortening 
the saturation time from 48 h to 30 min, indicating 
effective hydrophobization of the fiber surface;

•	 Ash content increased from approximately 2.4% to 
17.4%, and XRF analysis showed a rise in silicon 
content to ~91 wt%, confirming the formation of a 
silica-rich protective layer;

•	 FTIR analysis indicated partial masking of hydroxyl 
groups (3700–3000 cm−1) and increased intensity in 
the 1200–900 cm−1 region, suggesting the formation of 
Si–O bonds while preserving the lignocellulosic core;

•	 Thermal analysis identified three degradation stages: 
moisture loss below 200 °C, decomposition of 
hemicellulose and cellulose between 200–370 °C, 
and lignin degradation up to 500 °C. Treated fibers 
showed increased thermal stability and higher residual 
mass (~29%);

•	 Mechanical properties of untreated fibers showed 
a tensile strength of 249.72 ± 3.55 MPa, Young’s 
modulus of 3.73 ± 0.33 GPa, and elongation at break 
of 7.83 ± 0.70%, indicating a favorable balance 
between strength and ductility for soil reinforcement 
applications.

Overall, the results position açaí residue as an abundant, 
durable, and high-value geomaterial, capable of supporting 
sustainable, locally sourced geotechnical solutions in tropical 
environments. Based on the scope and limitations of the 
present study, evaluation of soil–fiber interaction, such as 
pull-out, oedometer, and triaxial testing of the reinforced 
soil composite, is recommended.
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