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Abstract

In this work, nanofibers and cellulose nanocrystals from the native Amazonian bamboo
Guadua weberbabeuri were used in structural cementitious composites. Through the prepa-
ration of bamboo nanofibers—bleached cellulose pulp (BCP) and cellulose nanocrystals
(CNCQ), as well as obtaining shredded bamboo (SB) and delignified cellulose pulp (DCP)—
the additions corresponding to the additive nanomaterials were characterized with physical
tests such as water absorption, specific mass, void index, and dimensional variation. A
mechanical tensile strength test was carried out at 28 days, with an incorporation content
of 0.40% of mass in relation to the cement. The results indicated, in relation to the control,
improvement in the physical properties, especially in the additions with nanofibers and
cellulose nanocrystals. For the mechanical tensile strength tests, the indicator allowed an in-
crease of 14.60% with the addition of nanofibers and 12.70% in the addition of nanocrystals.
Therefore, with the execution carried out, it could be seen that the incorporation was able to
generate optimization in the joint performance of the materials under analysis, reinforcing
the practices and ideals arising from civil engineering, nanotechnology, and sustainability.

Keywords: structural performance; natural fibers; nanotechnology; Amazon

1. Introduction

The use of vegetable fibers includes everything, from food, handicrafts, and furniture
to civil construction, and in the latter, their use is aimed at structural and coating applica-
tions [1]. In structural applications, the development of additives for mortar or concrete
using vegetable fibers to enhance strength has gained increasing prominence in recent years.
Jute (Corchorus capsularis) and mallow (Urena lobata L.) fibers combined with metakaolinite
have resulted in composites, which are mixed materials resulting in optimization of matrix
materials, with optimization in flexural strength performance [2].

Fiber synthesis can have a variety of origins when it comes to vegetable fibers, which
can be extracted from roots, stems, and leaves, among others [3]. From the buriti sheet, in
an epoxy-based matrix, composites of low specific weight were obtained which showed a
low weight-to-volume ratio, conducive to structural use, also increasing the characteristic
compressive strengths [3].

It is also important to note that when vegetable fibers are worked with, the composition
of varied materials with similar characteristics tends to produce results that converge to an
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increase in mechanical strength [4]. Curu4, sisal, and polypropylene microfibers combined
in different proportions offer the following characteristics: mortars enriched with sisal
fibers have greater peak mechanical resistance, while those enriched with polypropylene
microfibers presented optimized performance in the physical properties of the materials [4].

At the same time, the development of plant fibers has been improved when compared
to synthetic fibers [5]. Comparative experimental studies with vegetable fibers (agaf and
pineapple) in relation to synthetic fibers (glass and polyester) have shown superior results
on the part of synthetic fibers, showing a certain margin of improvement to be developed,
especially in the short fiber of acai, which had the best performance among vegetable
fibers [5].

Thus, it is well known that the use of natural fibers is growing, emerging as a viable
option when new materials are developed, especially composites [6]. Thus, it can be noted
that sustainable practices have been aligned with technical advantages, for structural use,
also considering technological (research products), social (development of local economies),
and environmental (use of regional plant abundances) factors [6].

Nanotechnology, applied to civil construction, has made it possible to optimize
strength performances through the addition of nanoproducts [7-9]. Concrete with carbon
nanotubes and fibers allowed the reduction of water absorption rates, making the mobility
of mixtures and their workability stable, as well as increasing the resistance to axial com-
pression and bending of those obtained materials, signaling the transformations that occur
at the level of the nanostructure in the developed composites [7].

It can also be noted that, from the interaction between nanotechnology, civil engineer-
ing, and plant fibers, there is a unique and growing perspective aimed at leveraging all
these areas together [10]. Composites with cellulose nanofibers obtained from the pulp of
Eucalyptus sp. demonstrated, through analyses and tests, perfect incorporation between the
cementitious matrix and the nanofibers, enabling integration and optimized joint perfor-
mance, which increased the mechanical properties of resistance and decreased the physical
indexes, such as specific weight and void indexes [10].

Parallel to the development of the use of nanofibers, the structural sector of civil
construction has been demonstrating the widest range in terms of application potential.
Composites with the addition of Bambusa vulgaris nanofibers, at levels of 2 to 5%, obtained
axial compressive strength values in the order of 20 MPa [11]. In addition to strength,
physical parameters, such as modulus of elasticity, were observed and adapted to the
performance requirements [11].

This potential points to the growth, in recent years, of nanofibrillated matrices, such
as that composed with nanocellulose [12]. In addition to these, the reinforcements sought
through the additions of synthetic fibers also explore new aspects in these applications,
highlighting additions based on the use of carbon nanotubes [13], polyester [14], and
laminated metal fibers [15].

In the area of fibers, unlike those previously seen, vegetable and synthetic nanofibers,
as well as fibers from natural sources that are not necessarily vegetable, also stand out.
Fitting into this list are technologies based on clay composites and carbon fibers [16],
geopolymers [17], magnesium-silicon alloys [18], and basalt fibers [19], as well as silica, the
latter having a higher framework of studies analyzing the possibility of its application on a
micro or nano scale, in addition to verifying its performance in a colloidal state [20-22].

Given the due perspective of the literature regarding the applications and aspects
of vegetable fibers, synthetic and natural, it is possible to notice the focus that guides
the present research: cellulose nanofibers. Nanocellulose, whose characteristic potential
is due to the properties present in its nanometric structure, stands out as an important
product of interest in the development of cementitious matrices based on its addition [23].
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Initial studies showed trends of increasing the performance of the mechanical strength of
composites in bamboo fiber-based panels of the genus Guadua, bringing light to this aspect
of incorporation for the most recent studies [24,25].

In this study, the physical and mechanical properties of a cementitious composite
reinforced with cellulose nanofibers and nanocrystals extracted from the native Amazonian
bamboo Guadua weberbaueri were evaluated. This work addresses two key research gaps:
the lack of studies on the effects of treatment methods for nanofibers and nanocrystals,
and the unexplored potential of Guadua weberbaueri, a species native to the state of Acre
in the Brazilian Amazon, in cementitious applications. The objective is to evaluate the
material’s potential for enhancing mechanical strength using a sustainable, locally sourced
raw material.

2. Materials and Methods

The flowchart in Figure 1 briefly shows the scheme of methods carried out throughout
the process.

Synthesis of nanofibers Preparation of Physical Mechanical
and nanocrystals mortar tests tests

Figure 1. Flowchart of executed methods.

2.1. Synthesis of Nanofibers and Nanocrystals

The nanofibers and nanocrystals, as well as their chemical and thermal characteriza-
tions, were obtained following the methodology of reference [26]. The main aspects of each
step of preparation of additions are expressed below (Table 1).

Table 1. Synthesis process of additions.

Addition (Acronym) Preparation Main Reagent Substrate
Process
Shredded bamboo
(SB) Crunch - -
Delignified cellulose NP Sodium Hydroxide
pulp (DCP) Delignification 999 SB
30% hydrogen
Bleacllllled(c];%%lose Bleaching peroxide and 99% DCP
pup sodium hydroxide
Cellulose Acid hydrolysis Sulfuric acid 99% BCP

nanocrystals (CNC)

2.2. Preparation of Mortar

The preparation of the mortar followed what was exposed in reference [27], with
adaptations according to reference [28] in relation to the water content. The incorporation
content of each addition, of 0.40% in relation to the cement mass, occurred according to
reference [29]. Table 2 shows the quantities of each input used.

The cement used was Itati, of the Portland Cement IV-32 type (characterizations in
Table 3). The sand used was the fine fraction of sand from the Acre River (granulometry
expressed in Figure 2 and Table 4).
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Table 2. Proportion of inputs used.

Quantity (g)
Input
SB Dash DCP Trace BCP Trace CNC Trace Control
Cement 1000 1000 1000 1000 1000
Fine Fraction 3000 3000 3000 3000 3000
Sand
Water 560.90 560.90 560.90 560.90 560.90
SB 4.00 - - - -
DCP - 4.00 - - -
BCP - - 4.00 - -
CNC - - - 4.00 -

Table 3. Composition of Portland Cement used.

Components (% by Mass)

Product Type Clinker + Plaster Blast Pozzolana Carbonate Material
Furnace Slag

CPIvV 45-85 - 15-50 0-10
Source: [30] adapted.
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Figure 2. Granulometric curve of the sand of the Acre River used.

Table 4. Physical parameters of the sand used.

Fineness modulus 0.86
Swelling (%) 39.60

Actual Specific Mass (g/cm?) 2.58
Apparent specific mass (g/cm?) 1.29
Maximum Diameter (mm) 0.60

Five traces were prepared for the measurement of the specimens (SPs), one for each
addition and one control trace, without addition.

The process of mixing the inputs followed what was exposed in reference [27], with
adaptations. For the mixture, a mortar mixer of the PAVITEST brand was used. Dry inputs
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were mixed with water at low speed (140 rpm) for 30 s. Then, for 90 s, the equipment was
turned off, and in the first 30 s, the walls and shovel of the container were cleaned with a
trowel. In the final 60 s, the mixture remained at rest. Finally, the mixture was brought to
high speed (285 rpm) for 60 s.

The SPs were molded in cylindrical molds 50 mm x 100 mm, previously greased with
vegetable oil. The mortar was allocated in four dense layers with approximately 30 strokes
in each, using a manual socket. The SPs remained in the mold for the initial 24 h, and after
demolding, they were taken to the tank and immersed.

2.3. Physical Tests

The properties of water absorption, specific mass, void index, and dimensional varia-
tion were characterized using the standards [31].

In the execution of the test, the molded SPs were taken to a DELEO oven, where
they remained for 4 days at a temperature of 105 °C. After this period, their mass was
measured: dry mass (DM) and its dimensions of length and diameter, dry, measured
through dimensional variations (DV) of length (DVd,l) and diameter (DVd,d), respectively.
They were then immersed in water for 72 h. At the end of the period, the SPs were
conditioned to containers where, completely submerged in water at a constant level, they
were brought to a boil for 2 h. At the end of the test, the immersed masses (IM), through a
hydrostatic balance, the saturated mass in air (SM) and also its saturated dimensions of
length and diameter (DVs,l and DVs,d) were measured.

The calculations of the water absorption index, void index, specific mass, and di-
mensional variation were carried out according to the equations established by the [31]
standard: Equations (1) (water absorption), (2) (specific mass), (3) (void index), and (4)

(dimensional variation).
SM — DM .

W(%) = 1 1
(%) = > 100 1)
where W = water absorption.
o SM — DM
I (%) = SM _IM 100 (2)
where Iv = void index. DM
P SM-™ ®
where p = specific mass.
DV (%) = DVSD;V?VC‘ 100 4)

where DV = dimensional variations; DVs = dimensional variations saturated; DVd =
dimensional variations dry.

2.4. Mechanical Tests

For the mechanical tests, the [32] standard was used to perform a diametrical com-
pression test to obtain tensile strength. The press is from the EMIC brand and has a load
application rate of 0.1 kN/min.

The data related to the rupture force in diametrical compression, collected in the press,
were tabulated and calculated to obtain the tensile strength, calculated through the equation
provided by the [32] standard (Equation (5) (tensile strength)).
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2xF
txdx]

fct,sp = (5)
where

f(ct,sp) = tensile strength by diametrical compression; F = maximum force obtained in
the test; d = nominal diameter; 1 = nominal length.

The steps related to the physical and mechanical testing processes are shown in
Figure 3.

Figure 3. On the left, drying in an oven; on the right, breaking process in a press.

2.5. Statistical Analysis

For the sample design that meets the conditions for statistical analysis, the following
were used:

i Physical tests: 5 additions, 2 SPs, 2 repetitions in the measurements of each property,
totaling N = 20 additions, meeting the provisions for statistical analysis [33] and the
conditions of [31];

ii. Mechanical tests: 5 additions, 6 SPs, totaling N = 30 additions, meeting the provi-
sions for statistical analysis [33] and the conditions of [32]. However, the 10 SPs that
most deviated from the mean were excluded from the analysis in order to increase
the reliability of the results, resulting in N = 20, also meeting the provisions for
statistical analysis [33].

The statistical analysis adopted was descriptive. The means were considered and
analyzed based on the standard deviation of each addition presented for the treatments in
question [33].

3. Results
3.1. Physical Properties

The mean values of the measurements measured by the SPs, related to the calculation
parameters for determining the physical indices, after statistical analysis are shown in
Table 5.

Table 5 correlates measures of dry mass, dimensional variation of length and diameter,
dry, immersed mass, saturated mass, and dimensional variation of length and diameter,
saturated, for the five additions tested. From them, it is possible to notice that the higher
value of dry mass of the SB addition differs from the others, as well as the BCP addition. The
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lowest mass value refers to the control addition (C) and differs from the others. Regarding
dimensional variation, the greatest length was found in the BCP addition, which differs
from the others. The minimum values are C and DCP. Regarding the diameters, there
were no significant differences. Regarding the immersed masses, the maximum value, SB,
and the minimum, DCP, are different from each other, but BCP, CNC, and C have partial
similarity to both. Regarding saturated mass, there were no significant differences between
them. Regarding the saturated dimensional variation, the longest lengths were found in
BCP and CNC. Regarding the diameters, there were no major differences.

Table 5. Average data obtained from measurements after statistical analysis.

SP DM (g) DV IM (g) SM (g) DVs
1 (mm) d (mm) 1 (mm) d (mm)
SB 334.54 98.7225 50.1225 200 393.84 98.8575 50.165
DCP 329.605 98.52 50.1775 197.5 392.5025 98.445 50.3325
BCP 332.55 99.82 50.1725 198 394.4925 99.665 50.2475
CNC 330.495 99.65 50.1175 198 394.9375 99.6875 50.265
C 326.655 98.5 50.0925 199 393.975 98.745 50.2275

3.2. Water Absorption

Figure 4 shows the water absorption index for each addition analyzed. The control
sample (C), without additions, is the highest absolute index. The intermediate values are
found in the DCP, BCP, and CNC additions, with a range of variation between 18.63 and
19.50%. The lowest absolute value is shown by SB.

30
e 20.61
‘g 20 19.08 18.63 -..I-.--.?c-].
8 A
o 'NHEMNE
[72] !
Q IIIIIII‘II
m |'|'|'|‘|'
[ = IIIIIII\II
§1° s
= Tt
HHIHN
HHH
D LPATArREAT]
DCP BCP CNC C

Additions

Figure 4. Water absorption graph, after statistical analysis.

The lowest indexes obtained, referring to the addition of crushed bamboo and
nanofiber pulp, were higher than the indexes found in granite composites [34]. Simi-
larly, composites with coconut fiber had a low water absorption index compared to the
indices calculated here, even for the lowest percentages shown [35]. The range of values
obtained for the additions in the indicated treatments were equated to the absorption
indices in composites with kenaf fiber and also in composites with jute fiber [36]. An equal
relationship of proportionality was found in mortars enriched with polypropylene fiber,
marble dust, and silica fume [37]. Thus, it is possible to observe that the results found and
compared with the literature are aligned with each other, as well as justified by the water



Buildings 2025, 15, 3938

8 of 15

absorption property of bamboo, characterized by internal voids in the fibers, providing
higher absorption than when compared to materials of non-fibrous origin [38].

3.3. Void Index

Figure 5 shows the void rates calculated throughout the treatments. The highest index
was found in addition C. The intermediate values of the DCP, BCP, and CNC additions vary
in the range between 31.52 and 32.72%. The lowest absolute value is from the SB addition.

45
34.53
3 32.25 31.52

S
<27
1)}
o
£
T 18
>

9

SB DCP BCP c
Additions

Figure 5. Graph of the void index, after statistical analysis.

The range of values found for the void index, ranging from the minimum for crushed
bamboo to the maximum value for the addition of cellulose nanocrystals, is similar to
that obtained for granite-based composites [34]. However, they vary divergently when
compared to coconut fiber additive composites, which accounted for 50% of those obtained
with the addition of crushed bamboo [35]. Therefore, from these relationships, it is possible
to observe that this variation, even between materials of organic and fibrous origin, is
related to the nature of the material studied. Even considering the internal voids charac-
teristic of bamboo fibers, when compared to coconut fibers, a material with low-efficiency
bonds in the fiber-matrix aspect, which results in the highest incidence of voids in relation
to bamboo fibers, thus possibly reflecting on the physical characteristics of the obtained
composites [35,38].

3.4. Specific Mass

Figure 6 demonstrates the relation found between the specific masses calculated from
the additions. A different behavior from the other indexes, previously seen, is observed.
The highest specific mass index is found in isolation in the SB addition. In absolute terms,
additions such as DCP and BCP showed the same index, 1.69 g/g, while in additions CNC
and C, with 1.68 g/g, the lowest absolute value was found.

The specific mass index had the smallest variation in amplitude among the additions
tested. Similar to what was found, there are specific mass indices for composites with the
addition of coconut fibers with eucalyptus and those with the addition of sisal fibers [39].
However, those obtained with nanofibers and nanocrystals are of a lower order than those
found in crystalline microcellulose composites from coconut fiber [35]. Mortar composites
with granitic addition attested to an even higher value than those obtained with bamboo
and coconut fibers [34]. The values obtained (1.68 and 1.69 g/g) were also lower than those
found for composites with Bambusa vulgaris fibers added, in the order of 1.71 g/g [40].
The correlations found can be explained by the nature of the geometric arrangement and
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internal arrangement of bamboo fibers, which provides their lower specific mass when
compared to other plant species [41].

25
) 1.69 1.69 1.68
=)
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€125
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Additions

Figure 6. Specific mass graph.

3.5. Dimensional Variation

Figure 7 shows the relation obtained, after statistical analysis, of the dimensional
variation calculated between the additions, considering the dimensions of length and
diameter. The additions of DCP and BCP indicated a retraction in the variation in the
length of the observed SPs. The highest index of DV,1 was presented by addition C. In
relation to DV,d, there were no cases of retraction, and additions such as DCP and CNC
were, in absolute number, higher, while the CNC addition showed the lowest index found.

05
0.p1 0.29 0.27
9 0.14 0.25
< 025
K5 I 0.08 _ 015
ks 0.04
LR I C
g L
4 -0j08
® 016
£-0.25
a 1 oDV, (%)
mDV.d (%)
-05
SB DCP BCP CNC c

Additions

Figure 7. Graphic of dimensional variation of length and diameter, after statistical analysis.

Proportionally, the behavior of the dimensional variation index was similar to that
seen in composites with coconut fiber, compared to the indices calculated here, even if for
the lowest percentages shown [35]. An equal relationship of proportionality was found
in mortars enriched with polypropylene fiber, marble dust, and silica fume [37]. Thus, it
is observed that the dimensional behavior found is in accordance with the properties of
bamboo described in the literature. This behavior presents the same peaks of swelling and
retraction identified in the physical characterizations of Guadua weberbaueri bamboo [42].
It is worth noting that the anatomy of the fibers itself can directly contribute to this cor-
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relation, although there is no way to directly explain the relationship when it comes to
nanofibers [42].

3.6. Tensile Strength

Figure 8 shows the relations found for the mean values of tensile strength in each
addition. In the range of highest tensile strength, in absolute value, are the BCP and CNC
additions. On the other hand, the lowest performance in tensile strength is presented by
addition C. The SB and DCP treatments show intermediate values. Despite the result found
in the SB treatment, as it is an in natura addition and the research looks for additions whose
treatments extend their useful lives in buildings, its validity for the objectives of the study
is discarded.

2
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g 1.27 713 ‘19?,
< AR 147
s AR T
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SB DCP BCP CNC c
Addictions

Figure 8. Graph of tensile strength, after statistical analysis.

The tensile strength indexes were obtained, considering the performance with and
without the additions. Similarly, with slightly lower absolute values, the treatments with
nanofibers and nanocrystals of bamboo cellulose were at the margin when observing the
resistances obtained by other composites of vegetable fibers, such as the contents with the
incorporation of sisal and coconut [39]. When considering bamboo genera, the behavior
of nanofibers is also similar to that obtained in composites with Guadua spp., due to the
family’s kinship [29]. In an intermediate way, but with higher absolute distance, there
are treatments with the incorporation of synthetic fibers, such as polypropylene and the
addition of silica fume [37]. Finally, with the greatest absolute distance to the strengths
found here, there are the additive composites of materials with high performance, such
as glass fibers and steel fibers [43,44]. The behavior can possibly be explained by the fact
that fibers extracted from the stalk, as in the case of Guadua weberbaueri bamboo, may have
characteristics that influence resistance performance when compared to other vegetable
and synthetic fibers [45]. Factors such as exposed microfibrils, variations in uniformity,
and irregularities in surface finish can lead to tensile strength situations by hindering the
adhesion between matrix and fibrous substrate [45]. One way to work on the validation of
reliable results on matrix-fiber interaction, consequently developing its role in mechanical
strength, is through measuring contact angle and directly assessing hydrophilicity, which,
although they could not be used in the present study, could guide future studies [46,47].

Considering the results in the previous Figures 4-8 regarding the physical indices and
mechanical tensile strength, as well as the performance of each of the additions tested, it
is possible to make descriptive inferences. In general, it was possible to observe that BCP
and CNC, treatments with the addition of nanofibers and nanocrystals from bamboo, had
superior performances to the other treatments. Similarly, C, the control addition, without
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the addition of treatments, also significantly lowered the performance of the others. Thus,
comparing both additions with bamboo nanofibers and nanocrystals with control addition,
it is possible to obtain Table 6.

Table 6. Comparison between the changes promoted by the addition of cellulose nanofibers and
nanocrystals, in relation to the control addition.

Property BCP CNC
A —9.61% —5.39%
I —8.72% —5.24%
0 +0.59% 0%
DV 0% 0%
Strength +14.60% +12.70%

In the table, BCP and CNC had superior performance, indicating, primarily, that the
potential of adding cellulose nanofibers and nanocrystals is significant. The addition of
nanofibers (BCP) decreased water absorption and void rates, resulting in a more stable
composite, similar to what occurs in the addition of cellulose nanocrystals (CNC). The ad-
dition of bamboo nanofibers resulted in an increase in the specific mass, while the addition
of bamboo nanocrystals did not interfere with this property. The dimensional variations
were also not interfered with by the addition of nanofibers and nanocrystals of bamboo
cellulose. Finally, both additions increased tensile strength, so that the bamboo nanofibers
had a slightly higher increase than that provided by the addition of bamboo nanocrystals.

Thus, it is observed that cellulose nanofibers and nanocrystals are promising mate-
rials for application in cementitious materials. Future studies may investigate, for exam-
ple, whether cellulose microcrystals and nanocrystals after some treatment methods can
present a pozzolanic effect [48], whether the addition of functional groups on the surface
of nanoparticles can contribute to the improvement of some properties [49,50], whether
natural nanofibers contribute to improving internal curing [51], the application of machine
learning to predict some behaviors of materials with nanoparticles [52], and life cycle as-
sessment to indicate the CO, emission of cementitious composites with cellulose nanofibers
and nanocrystals [53].

4. Conclusions

The evaluation of the physical and mechanical properties of the cementitious compos-
ite with incorporation of nanofibers and cellulose nanocrystals from Guadua weberbaueri
bamboo showed interesting properties. The potential for increasing the mechanical strength
of the material, using a native raw material in the state of Acre, Amazonia, enabled an
increase in mechanical strength and opens up avenues for future evaluation of optimal
levels, tests for new resistance parameters, and interactions with other fibers. The statistical
analyses indicated that there is evidence of differentiation in the results obtained between
the control additions, crushed bamboo, delignified cellulose pulp, bleached cellulose pulp
(nanofibers), and cellulose nanocrystals, so that, considering only the final treatments, the
incorporation of nanofibers decreased the void index and water absorption, caused a slight
increase in the specific mass, did not cause dimensional variation, and increased tensile
strength by 14.60%, while the incorporation of nanocrystals had the same behavior (differ-
ing by the fact that it did not cause variation in specific mass) and obtained an increase of
12.70% in tensile strength. Therefore, there are indications of technical feasibility and, in
the face of more complex analyses later, the confirmation (or not) of the use of cellulose
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nanofibers and nanocrystals as additives to tensile strength in composites, allowing the
combination of civil engineering, sustainability, and nanotechnology.
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Abbreviations
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