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ABSTRACT

The use of natural fibers including abaca has increased because of its
advantages such as lightweight, low price, life-cycle superiority, and substi-
tute for synthetic fibers. This paper gives an insight into the effect of three
different treatments on abaca fibers: hornification, NaOH 3% concentration
solution, and a coating of silica fume with natural latex into cementitious
composites; fibers have been characterized before and after through SEM,
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1. Introduction

During the last years, natural fibers (such as flax, jute, sisal coir, and bamboo fibers) have been
extensively used as suitable reinforcement in cement-based composites (Benaimeche et al. 2018). The
use of fibers from natural plants has attracted greater global attention because of their affordability,
abundance, and eco-friendliness (Jiang et al. 2018). The advantages of using natural fibers in industrial
applications relate to their lightweight, low cost, nontoxicity, biodegradability, and high specific
stiffness (Cai et al. 2015).

Abaca fiber is obtained from the pseudo-stem of Musa textile., which is commonly known as
Manila hemp. This plant has little non-edible fruits full of seeds, and its pseudo-stem can grow up to
6.5 m. In tropical countries like the Philippines, abaca plants are available in abundance (Kumar Sinha,
Narang, and Bhattacharya 2017). Worldwide, the demand of abaca is mainly fed by the Philippines
with an 85% and Ecuador with a 15% (Richter, Stromann, and Miissig 2013). Certain authors have
compared mechanical properties of natural fibers with promising results in terms of tensile strength
abaca 400 MPa (Onuaguluchi and Banthia 2016).
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Despite all these advantages, many challenges arise concerning the use of natural fibers in
cementitious applications, certain drawbacks could be mentioned as poor dispersion in cementitious
matrix and probably the most critical, the low durability of fibers in cementitious matrix (Boulos et al.
2019). Therefore, in order to counteract these drawbacks, two strategies could be applied as a way of
increasing the durability of the natural fibers in cement paste. The first strategy is to modify the
composition of the cementitious matrix in a way that reduces its alkalinity in order to increase the
durability of natural fibers in cement paste (Xue, Tabil, and Panigrahi 2007). The second strategy
focuses on the natural fiber itself and involves chemical or physical modification in order to increase
its stability in cementitious matrices (Boulos et al. 2019; Jiang et al. 2018). This study focused on
the second strategy by applying three different treatments on abaca fibers.

This work aims to (1) analyze the effect of three different treatments on abaca fibers used in
cementitious mortars, (2) study how the size and dosage of abaca fibers influence the behavior of the
cementitious composite. The abaca fibers were subjected to three different treatments: a process of
hornification, dipping in 3% NaOH solution and water, and finally a coating of silica fume with natural
latex. Scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform-infrared spec-
troscopy (FT-IR), Thermo gravimetric analysis (TGA), tensile test, and flexural strength were used to
analyze structural and chemical changes in the fibers before and after applying the treatment.

2. Material and methods
2.1. Materials

The abaca fibers used in this research correspond to a second quality fiber. This classification is based
on the color and diameter of the fiber (Simbafia et al. 2020). The cement used is a general use (GU)
type, according to ASTM C1157 (ASTM International 2020). The sand used in this study was collected
from Rio Boliche (Figure 1), and its granulometric curve was set as the average between ASTM C144
maximum and minimum ranges (ASTM International 2018).

2.2. Abaca treatments

The length of the fibers were determined based on previous research and were cut into four different
lengths: 20, 25, 30, 35 mm (Ferreira et al. 2018; Onuaguluchi and Banthia 2016). The fibers were
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Figure 1. Granulometric curve of sand used in this research.
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subjected to three different treatments: hornification, dipping in 3% NaOH solution and water, and
a coating of silica fume with natural latex.

2.2.1. Hornification

The process was performed as described by Ferreira et al. (2017) with the main purpose of improving
natural fiber properties: The abaca fibers were placed in a container with water (T =22°C) during 3
h. The drying process was carried out in a furnace at a temperature increasing temperature rate of 1°C/
min to 80°C. Then, this temperature was maintained for 16 h. After 16 h of drying, the furnace was
cooled down to of 22°C in order to avoid possible thermal shock to the fibers. This procedure was
repeated 5 times because at this point other natural fibers accomplished better performance, and it has
been proven that through this method fiber-matrix bonding also improves frictional mechanism
(Ferreira et al. 2015, 2017).

2.2.2. Dipping in 3% sodium hydroxide solution and water

The process was performed by a procedure previously applied to leaf fibers according to Jiang et al.
(2018). A solution of NaOH (3% mass percentage) and water was prepared, and fibers were dipped
into this solution for 4 h and then in water for 10 h. Impregnated abaca fibers were rinsed with water
until extruded brown washing became transparent. Then, fibers were dried at 85+ 1°C for 24 h in
a furnace, the use of temperature led to increase the fiber stiffness and decrease its moisture absorption
(Pacheco-Torgal and Jalali 2011). Fibers were cooled to room temperature and then stored in sealed
plastic bags for posterior usage.

2.2.3. Natural latex + silica fume

Firstly, each abaca fiber was immersed in an adherent solution of natural latex for 1 min, according to
(2017). At this point, the adherent solution surrounds the abaca fiber generating bonding layers. The
silica fume particles act as fillers within the cementitious matrix, reduce the porosity of the composite
by filling voids, form more C-S-H, and is also useful for strength development (Junior Carvalho
Machado et al. 2020).

2.3. Abaca fibers in cementitious mortars

The cement-based mortar matrix consists of a cement-to-sand ratio 1:3 which corresponds to a typical
mortar used in Ecuador (INEN 2615:2012) (INEN 2015). The ratio between water-cement is fixed
after performing a workability test with the flow table according to UNE 1015-3 (AENOR 2000).

The dosage of fiber was applied in three different percentages 0.2%, 0.3%, and 0.4% based on the
total weight of solids based on previous literature review (Jianqiang, Siwei, and Thomas 2016;
Onuaguluchi and Banthia 2016; Comak, Bideci, and Salli Bideci 2018), and the mortar mixture
composition is listed in Table 1.

Figure 2 describes the scheme performed in order to develop this research where abaca fibers were
fixed at 25 mm length with a 0.2% of the total solid weight and mixed into the mortar applying three
different treatments to find out the optimum treatment (analyzing through flexural strength); once the
treatment was determined the optimum length and dosage were analyzed for reaching the best length
and dosage.

Table 1. Mortar mix composition.

Materials Dosage
Sand 1620 g

Cement 5409

Water Flow rate 110 + 5%

Abaca 0.2%, 0.3%, and 0.4% total solid weight
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TREATMENTS
ABACA FIBER FIXED 1. Hornification
L:25mm 2. Dipping in sodium OPTIMUM
D:0.2% (total solid hydroxide (3% TREATMENT
weight) concentration)

3. Natural Latex+ Silica fume

LENGTH
20mm
25mm
30mm
35mm

DOSAGE
0.2%
0.3%
0.4%

OPTIMUM LENGTH
OPTIMUM DOSAGE

Figure 2. Methodology proposed for determining optimum treatment, size and dosage.

Thermogravimetric analysis was performed on no treated and treated abaca fibers. This was
performed by comparing the rate of weight loss and the decomposition temperature. The analysis
was developed with the use of TGA701 under a ramp rate of 15°C/minute from room temperature to
104°C and 50°C/minute from 104°C to 1000°C. The crystal structure of the no treated and treated
abaca fibers was characterized. X-ray diffraction (XRD) was performed to four samples of abaca fibers
subjected to hornification (HR), NaOH-3% (HS), natural latex + silica fume (LS), and the No treated
fiber (NT). This technique is used to identify the crystalline minerals in the natural fibers when their
content is higher than 1%. The degree of CI in the cellulosic materials is calculated according to the
peak height method. The empirical equation proposed by (Segal et al. 1959) for calculating the
crystalline index is given in Equation 1.

_ Jooz — Iam
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In SEM, samples were prepared in order to analyze the superficial changes as a consequence of the
different treatments applied. The three point bending tests on unnotched specimens were carried out
according to UNE 196-1 (AENOR 2018) which evaluate compressive and flexural properties of
cement-based mortar. FT-IR was performed on treated and untreated abaca fibers. This technique
is sensible to internal structures since it reflects the characteristic vibrations of atomic groups. To carry
out tensile tests, the treated and untreated fibers were split into parcels. This test was performed taking
as references the procedure from Cai et al. (2015) and ASTM C1157 (ASTM International 2020). The
testing machine corresponds to an IBERTEST MOD IBTH-2730. The samples were put in a porta
sample that consists of a 300 g, which was tied through epoxy on each bottom in order not to interfere
with the test. Fiber length between 300 and 500 mm. The fiber diameters were obtained through SEM
(200 pum), as showed in Figure 3, using the software Motic Images plus 3.0. Figure 4 shows the design
of the porta sample for tensile test. The strength at breaking point (N) is gotten from the testing
machine, the cross-sectional area of the fiber in the fracture plane is obtained through reflection
microscopy, zoom 200, OLYMPUS PME3. This test was performed applying a maximum load of 500
N and a velocity rate of 1 mm/min.
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Figure 3. Images of abaca fibers through scanning electron microscopy (200 pm).
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Figure 4. Porta sample for tensile test. Units: cm.

3. Results and discussion

It is important to understand the natural fibers cell wall in order to predict the mechanical properties
of the fiber itself. Considering that all natural fibers are composed of pectin, cellulose, hemicellulose,
and lignin (Boulos et al. 2019), it turns necessary to analyze the behavior of treated samples within its
composition. On the other hand, different dosages and sizes may also influence the behavior of the
cementitious mortars.

3.1. Characterization of abaca fibers

3.1.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out to investigate the changes that the abaca fiber may suffer
through the proposed treatments. Figure 5 shows the curves of the different conditions of abaca fibers
subjected to hornification (HR), NaOH-3% (HS), natural latex + silica fume (LS), and the No treated
fiber (NT). Figure 5 (a) DTG curve shows an initial peak between 40° C and 100°C (loss in weight
about 4%) which corresponds to the vaporization of absorbed water. After this peak, the curve shows
two more peaks. According to Y. J. Rueda-Ordéfiez and Tannous (2018), thermal disintegration of
natural fibers begins with the decomposition of the hemicellulose that starts at 200°C to 400°C, then
cellulose between 300°C and 410°C and lignin from 400°C to 800°C. Figure 5 (b) Among NaOH,
degradation starts at 200°C corresponding to hemicellulose with a 20% weight loss, then cellulose
between 380°C up to 400°C with a 65% weight loss and lignin at 680°C with a 20% weight loss. Figure 5
(c) HR degradation starts at 270°C corresponding to hemicellulose with a 10% weight loss, then
cellulose at 320°C with a 60% weight loss and lignin at 500°C with a 30% weight loss. Figure 5 (d) LS
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Figure 5. TG and DTG curves. (a) NT: No treated fiber. (b) HS: NaOH-3%. (c) HR: Hornification. (d) LS: Natural latex + silica fume. TG:
Thermogravimetric curve. DTG: First derivative of the TG curve.

degradation starts at 300°C corresponding to hemicellulose and 20% weight loss. At 400°C cellulose
degrades with a 5% weight loss and lignin at 500°C lignin with a 5% weight loss. This behavior means
that there are few volatile elements and that is why the variation of weight vs temperature is small, it
can be seen a constant velocity for which only one type of material is being liberated. Among these
behaviors, it can be seen that NaOH and HR treatment has some similarities; for example, the weight
loss of cellulose is around 60% and lignin at an average of 25%. However, it is interesting how the LS
treatment varies from all others losing only a 5% weight loss in cellulose and in lignin. Between these
results, it should be analyzed if these behaviors interfere within flexural strength results.

3.1.2. X-ray diffraction

X-ray diffractograms for all four samples are presented in Figure 6. Two main peaks can be seen
throughout all the analyzed samples at 16.4° and 22.5°, typical of the cellulose, which have a considered
width referring to an amorphous material (Kim, Kumbar, and Nukavarapu 2023). There is an unusual
peak at 31.34°%in the LS sample that refers to calcium sulfate (Eremin et al. 2016). These results allow
the analysis of the cellulose structure and crystallinity. Table 2 shows the results of the four samples in
terms of CrI%, and the highest and the lowest index corresponds to the HS (38.46%) and LS (28%)
treatment, respectively. All treatments have eliminated no crystalline materials on the fiber, including
amorphous hemicellulose, lignin, and other non-cellulosic materials, which has given the fiber the
chance of adopting a more crystalline structure (Cai et al. 2016). These results have a certain
connection with results from TGA where the weight loss of cellulose and lignin were totally alike
within these two treatments; hence, it would be interesting to analyze if this behavior repeats in terms
of flexural strength.
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Figure 6. Diffractograms for abaca fiber: NT HS, HR, and LS.

Table 2. Crystallinity index of NT, HS, HR, and LS abaca fiber.
NT: No treated fiber. HS: NaOH-3%. HR: Hornification. LS:
Natural latex + silica fume. Itotal: Intensity at 22.1°. lam:
Intensity at 16.0°. Crl: Crystallinity index.

Fiber Itotal Iam Crl (%)
NT 720 500 30.50
HS 1625 1000 38.46
HR 1000 700 30.00
LS 1250 900 28.00

3.1.3. Fourier-transform infrared spectroscopy

The chemical composition of all samples was analyzed as seen in Table 3. Peaks were formed
corresponding to different bondages such as: (—OH), (H-O), (C-H), (C=0), (C=C), (C-H), (C=C),
(H-C-H), (C-0), (C-0-C), and (C-O) showed in Figure 7, these bondages are associated to
elements referred as polysaccharides, cellulose, hemicellulose, pectin, and lignin. Within the
three applied treatments HR, HS, and LS, it can be seen in Figure 7 that they all look similar,
except LS; apparently, this treatment radically transforms the bondage bringing a new value to
show, these results are consistent with the ones obtained through TGA and XRD. HR treatment
looks similar to NT fiber, this may imply that there is no significant change in the chemical fiber’s
composition. HS treatment shows at 1742 cm™', peak that refers to the bondage C=0, where the
hemicellulose and pectin disappear, as TGA results confirm, at 1100 cm™" another peak the
C-O-C shows up referring to cellulose; therefore, it can be said that part of the lignin and pectin
are eliminated from the fiber. Hence, the HS treatment removes the binding materials such as
hemicellulose, pectin, and lignin, this led to the separation of the abaca fiber bundle into
elementary fibers (Cai et al. 2015).

3.1.4. Tensile test

After submitting all samples to tensile strength as seen in Figure 8, it was obtained that NT abaca fiber
has the lowest strength compared to treated abaca samples. Results were summarized in Table 4.
According to these results Ecuadorian abaca fibers may seem less resistant compared to the
Philippines 750 MPa (Liu, Takagi, and Yang 2013). However, these results may vary depending on
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Table 3. Absorption peaks of abaca fiber submitted to different treatments.

Link
Wavenumer (cm™") (functional group) Possible assignment
3400 —OH Cellulose, hemicellulose, and lignin
3336 O-H Polysaccharide
2893 C-H Cellulose and hemicellulose
1742 =0 Hemicellulose and pectin
1603 C=C Lignin components
1514 C-H Hemicellulose and pectin
1510 C=C Lignin
1430 H-C-H Pectin and lignin
1242 (0] Lignin
1100 C-0-C Cellulose
1062 (€0) Hemicellulose and lignin
1026 CH;
900 Glycosidic links Polysaccharide
896 C-OH B-glucosidic linkage presence between the monosaccharide
795 Si-O-Si Symetric stretching modes of SiO4 units

03

02
A hs r

01

0 | I
4000 3500 3000 2500 2000 1500 1000
Wavenumber [C m-1] Wavenumber [Cm-ﬂ
NT HS HR LS

Figure 7. FT-IR of abaca fiber submitted to NT, HS, H,R and LS.

Figure 8. Tensile test for abaca fiber NT, HS, HR and LS.
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Table 4. Tensile tests of NT, HS, HR, and
LS abaca fiber.

Fiber Tensile test (MPa)
NT 342.33
HS 465.18
HR 361.88
LS 350.90

the mechanism applied to measure this property, as well as the harvesting and cropping procedure. If
we compare the results of tensile tests to previous tests it can be seen that HS and LS treatment have the
highest and the lowest results in terms of tensile test, these results are congruent to the ones obtained
by TGA, XRD, FT-IR where hemicellulose, cellulose, and weight loss vary tremendously.
Summarizing, HR is 5.4% more resistant than NT and HS treatment increases its strength in
a 26.41%; therefore, it can be said that HS treatment has the best performance in terms of tensile
strength.

3.1.5. Scanning electron microscopy (SEM)

In Figure 9a, SEM analysis of 300 um shows the behavior of abaca fibers in all their conditions NT, HR,
HS, and LS. Abaca fiber experiment a modification of its surface when subjected to proposed
treatments. It can be seen how the NT fibers show a similar aspect compared to the HR and HS
treatment; on the other hand, LS fibers show a totally different aspect, having as main element Silica
fume with almost unnoticeable fibers. Figure 9b shows fibers in all the proposed conditions at 50 um, it
can be seen changes in the surface morphology of all of them. HR treatment shows how the
morphology of the natural fiber has disappeared, meaning that transversal elements previously seen
in NT fiber have been diluted, and fiber roughness has increased as well. As shown with LS, the fiber
seems to be present, but it is covered by latex and the small rocks that can be appreciated are the silica
fumes. As shown in Figure 9c at 5 um, the HR and the HS treatment, the fiber suffers a separation,
originally it seems to be tight in a bundle, but it looks different. The LS treatment shows small spherical
elements corresponding to silica fumes. In general, all applied treatments modify the fiber’ surface;
hence, the adhesion must be considered in the cementitious matrix.

3.2. Abaca fibers in cementitious mortar

One of the most determining tests in terms of masonry mortar is the flexural strength. Therefore, to
determine the best treatment (HR, HS, and LS), prismatic samples were performed, fixing a size in 25
mm and 0.2% dosage for comparison. Once the best treatment was determined, different sizes and
dosages were tested to find out optimum size and dosage. Table 5 shows the results after establishing
a fixed dosage of 0.2% and a fiber length of 25 mm. At first sight, the LS treatment accomplished better
results among all treated fibers, but at 28 days these results were lower than NF mortar. It seems
interesting the fact of how the HR treatment did not increase its strength within the first 15 days, but at
28 days it was 3% higher than NF sample. On the other hand, HS treatment at 7 days showed lower
strength compared to NF and LS samples, but at 28 days, it showed the highest strength within all
samples compared, increasing its strength by a 9%. Compressive strength results of the NF sample
compared to HR, LS, and HS, respectively, were 18% lower, 16% lower and 7% higher, meaning that at
7 days the HS treatment showed the highest results in terms of compression. This behavior can be seen
within the 28 days where LS and NF samples reached the same strength, HR increased by a 2%, but HS
treatment showed better results, increasing its strength by a 6% %. Using fixed mortar samples of 25
mm length and 0.2% dosage (total solid weight), the best treatment was the 3% NaOH solution (HS
treatment). Once the optimum treatment was determined (3% NaOH solution) HS, different lengths
and dosages were tested.
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SEM 2-HS

Figure 9. Abaca fibers NT, HR, HS and LS respectively, corresponding to (a) 300 pm, (b) 50 pm and (c) 5 um of backscattered
electrons.
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Table 5. Mortar sample flexural and compressive strength of NF, HS, LS, and HR at 7,

14, 28 days.
Treatment NF HS LS HR
Dosage 0.20%
Fiber length 25 mm
Flexural strength (MPa)
7 days 5.7 53 5.5 43
14 days 6.2 6.7 6.3 4.4
28 days 6.7 8.0 6.5 6.9
Compressive strength (MPa)
7 days 14.50 15.50 12.50 12.30
14 days 17.80 17.50 17.20 17.10
28 days 19.30 20.50 19.30 19.70

(a) (b)
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Figure 10. Samples of NF, HS with 0.2%, 0.3%, 0.4% and lengths of 20, 25, 30, 35 mm. (a) Flexural strength at 28 days. (b)
Compressive strength at 28 days.

Figure 10 shows all dosages and lengths analyzed. The highest flexural strength results were
obtained when abaca fibers were added to the mixture with a 30 mm length and a dosage of 0.2% of
the total solid weight, resulting in 8.2 MPa at 28 days; this represents an increase of 18% compared to
NF mortar. It can be seen that as lengths increase the flexural strength decreases. In terms of
compressive strength, the behavior is similar, at 30 mm length with 0.2% the highest compressive
value is achieved, being 8.5% higher than NF.

4. Conclusions

This work presented the effect of three different treatments on abaca fiber: hornification (HR), NaOH-
3% (HS), and coating of silica fume with natural latex (LS). From this investigation, it can be
concluded that:

e Fixing an initial dosage and length of 0.2% of the total solid weight and 25 mm, best results were
obtained from fibers treated with NaOH HS treatment.

o All three treatments modify the fiber itself, removing lignin and hemicellulose from the surface of
natural fibers as proven through TGA, XRD, FT-IR, and SEM analysis.
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e HS fiber (NaOH) had better behavior in terms of flexural and compressive strength, and when
the fiber was analyzed through this treatment it was seen that hemicellulose, cellulose, and lignin
were lost and bondages of H-C-H were formed.

o Silica fume with natural latex treatment (LS) showed the poorest results in terms of tensile test
and flexural strength, this could be because once the treatment was applied, internally few volatile
elements remained compared to HR and HS treatment, meaning that internally the composition
was modified, but this variation was not as different as the others, only 5% weight loss compared
to 65% and 30% in HS and HR respectively

e HR treatment, in terms of flexural strength, within the first days showed the highest results, but
after reaching the full strength, it was seen that results were lower than HS treatment.

e NaOH samples with different dosages and lengths were analyzed (0.2-0.3-0.4% and 20-25-30-40
mm). Results in terms of flexural strength show better behavior when abaca fiber’s length are 30
mm with a 0.2% dosage of the total solid weight.

Highlights

Different treatments to abaca fibers modify their internal composition

Lengths and dosages impact positively or negatively when mixed with cementitious mortar in terms of tensile test.
3% Sodium hydroxide treatment in abaca fibers has better results when they interact with cementitious matrix
Tensile results of Ecuadorian abaca fiber with or without treatments are over the 350 MPa.

Treatment of Silica Fume and latex shows the lowest results in terms of crystallinity.
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