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Materiais Compósitos usando Fibra de Malva e Resina Epóxi

Wamber Broni de Souza,a,*  Genilson Pereira Santana,a Dorian Lesca de Oliveira,a Antônio 
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Macêdo Netod

This work investigates chemically modified Mallow fibers (MF) and their utilization as reinforcement 
in an epoxy composite. The untreated Mallow fibers (UTMF) and the Mallow fibers treated (TMF) with 
5% NaOH solution were characterized, and Mallow/epoxy resin composites (MEC) were fabricated 
using 10, 20, and 30 wt.% of TMF, and their mechanical, and thermal properties were studied. UTMF, 
TMF, and MEC were evaluated using Fourier-transform Infrared Spectroscopy (FTIR), Differential 
Scanning Calorimetry (DSC)-Thermogravimetric Analysis (TGA), X-ray diffraction (XRD), and 
scanning electron microscopy (SEM). A tensile test was performed to characterize the MEC. The alkali 
treatment increased cellulose by 7% and lignin by 56%, removed hemicellulose and ash content up to 
28.8% and 31.4% respectively, and reduced moisture by 3.5%. The spectra of the FTIR and DSC-TGA 
analyses show the broad absorption and decomposition characteristics of cellulose, hemicellulose, and 
lignin in the fibers. The UTMF presented a crystallinity index (CI) value of 57% while the TMF had 
a CI value of 77.60%. From the results, it is observed that the maximum tensile strength value was 
obtained at 20 wt.% of fiber loading, giving 100.22 MPa, which is considered ideal for the fabrication 
of Mallow/epoxy resin composites.

Keywords: Mallow fiber; alkali treatment; mechanical properties; composite materials; epoxy resin.

1. Introduction

The most common synthetic fibers1,2 used in the composites industry are glass fibers,3-6 
carbon fibers,7-10 and Kevlar® (aramid).11 However, the production of these fibers uses non-
renewable natural resources, materials that are not eco-friendly, that have a high cost of 
production, and consume large amounts of water and energy in their production, in addition to 
generating industrial waste. To preserve the environment, there is a great interest in discovering 
environmentally compatible materials that can replace or reduce the use of synthetic fibers, 
among these, natural fibers stand out.

Plant fibers are widely recognized by the industry and are the most extensively studied 
by researchers because they are light, biodegradable, and resistant.12 Investigations have been 
carried out on numerous natural fibers, such as Mallow, jute, sisal, curauá (Ananas erectifolius), 
banana, cotton, bamboo, bagasse, flax, kenaf (Hibiscus cannabinus), oats, barley, wheat, rice 
husk, wood, alginate, and hemp, for the manufacture of natural fiber polymer composites. 
The growth in research involving natural fibers can be explained by a short growth period, 
renewability, lower production costs, good specific mechanical properties, lower density of 
the composites, reduced energy consumption during manufacturing, biodegradability and eco-
friendly materials, lower risk to human health, and broader viability of the product.12 Cellulose, 
hemicellulose, and lignin constitute the vegetable fibers that can be obtained from the stem, 
bast, leaves, seeds, fruit, wood, stalk, and grass/reeds.13

Among the natural fibers, Mallow fiber presents relatively very few reports in the literature, 
and its uses for industrial applications like the automotive14 and construction industries are 
even rare.15 Mallow belongs to the Malvaceae family, which comprises several species such as 
Malva sylvestris and the Urena lobata Linn. It is originally from Asia and is today cultivated 
in meadows of rivers, particularly in the Amazon region of Brazil. 

In Brazil, Mallow has been cultivated in the states of Amazonas and Pará since the 1930s. It 
is a plant that is well adapted to soils of low fertility and can be cultivated in terra firme soil. The 
production of Mallow and jute fibers was for a long time the activity that was responsible for a 
significant percentage of the formation of income in the state of Amazonas (20% of the income 
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in the primary sector), and many families of the region were 
employed in this sector, mainly as family labor.16

In recent decades, there has been a decrease in the 
extraction of these fibers that are used in the production 
of sacks, carpets, paper, upholstery, clothing, etc., due 
to several factors such as the low price paid per ton of 
the product, and the replacement of the natural fiber by 
synthetic fibers, etc. With recent studies using Mallow fibers 
as reinforcements in composites, preliminary results have 
indicated excellent properties to be explored, and these 
plantations have the potential to become a reference activity 
once again for the economy in the Brazilian Amazon,17 since 
jute and Mallow are linked to sustainable development in 
rural areas via family farming. 

An increase in the production of jute and Mallow chain 
could be an alternative for increasing the income of the 
population in the interior of the state of Amazonas. The state of 
Amazonas presents areas with floodplains that are appropriate 
for the production of jute and Mallow, in addition to having 
the riverine populations for planting and harvesting.18

Researchers have already carried out studies utilizing 
Mallow fibers as the reinforcement in either thermoplastic 
or thermosetting polymers and obtained good results 
concerning the mechanical and thermal properties. One 
study investigated the mechanical properties of epoxy 
composites with high incorporation of Mallow fibers and 
found that composites with 20%19 and 30%20,21 of fibers in 
the volume provide the highest tensile strength. 

Several applications using composite materials reinforced 
with natural fibers have been reported in the literature22-25 
in several industries, such as the aerospace industry, in the 
construction of wings and control surfaces;26 the automotive 
industry, in car parts such as door panels, seat backs, 
dashboards, boot-liners, and instrument panels, etc.;27 and in 
the defense industry, in helmets and bulletproof jackets.28, 29-31 

Thus, this study aims to characterize Mallow fibers and 
their utilization as a reinforcement in a polymer matrix. 
For this purpose, the fibers were first characterized, and 
then composites were fabricated using 10, 20, and 30 
wt.% of treated fibers, and their mechanical, and thermal 
properties were studied to establish their suitability in 
various engineering applications.

2. Experimental

2.1. Mallow fiber and epoxy resin

The Mallow fibers investigated in this work were of 
the species Urena lobata Linn., commercially supplied 
by the Brazilian firm Castanhal Textil (Manacapuru, AM). 
Figures 1a and 1b illustrate the bundles of Mallow fibers 
received, as well as some long, continuous fibers separated 
for reinforcing the composite. As the composite matrix, the 
epoxy resin and hardener in a stoichiometric proportion of 
2:1 (resin/hardener) were supplied by Redelease Ltd (São 
Paulo, Brazil). 

2.2. Chemical treatment 

After delivery, the fibers were cleaned and combed to 
untangle them and remove impurities, then cut to a length of 
16 cm (Figure 2a). Subsequently, the fibers were subjected 
to chemical treatment with 5% sodium hydroxide in the 
solution. Figure 2b shows the immersion of the fibers in 
the solutions for a period of 4 hours. Treatment with 5% 
NaOH and immersion time of 4 hours promotes an increase 
in crystallinity in Mallow fibers and, consequently, in 
surface roughness, in addition to the direct relationship with 
mechanical strength and modulus of elasticity.32,33 Excess 
alkalinity and/or exposure time can damage the fiber as 
it removes a portion of the crystalline structure, thereby 
reducing its mechanical performance.34-36 After removing the 
fibers from the solution, they were washed several times with 
distilled water until a neutral pH was obtained and then dried 
at room temperature in a closed room for 7 days. Before 
using the fibers in the composites, the samples were dried 
in an oven for 60 minutes at 100 °C to eliminate moisture.

2.3. Cellulose and lignin composition analysis of UTMF 
and TMF

The Van Soest methodology37 was utilized to analyze 
the chemical components of the vegetable fibers. This 
comprehensive approach involved employing a variety of 

Figure 1. (a) Bundle of Mallow fiber (b) long continuous fibers
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solutions, including neutral detergent solution (comprised 
of EDTA, hydrated sodium borate, anhydrous sodium 
phosphate, sodium lauryl sulfate, ethylene glycol, and 
amylase), acid detergent solution (featuring cetyl trimethyl 
ammonium bromide and H2SO4), and 72% sulfuric 
acid solution. These solutions were skillfully utilized 
to differentiate the diverse fractions of hemicellulose, 
cellulose, and lignin, as depicted in Figure 3.

2.4. Determination of moisture content 

Initially, the sample was pre-dried in an oven with forced 
air circulation at 55 to 60 °C for 48 to 72 hours. Then it was 
ground, homogenized, and dried again in an oven at 105 °C 

for 4 to 16 hours. The percentage of moisture was calculated 
using the following equation: % moisture = 100% - final 
content of dry matter.

2.5. Preparation of the Mallow-epoxy composite

Figure 4 shows the composites with 10% (Figure 4c), 
20% (Figure 4d), and 30% (Figure 4e) of aligned Mallow 
fibers, which were manufactured in a mold with a female 
cavity in a plate and another male plate that penetrates the 
cavity to be able to apply pressure on the composite material. 
The cavity plate has 15 mm parallel grooves for fixing the 
fibers and for the removal of excess resin (Figure 4a). The 
thickness is calculated as the volume divided by the area: 

Figure 2. (a) Fibers cut to 16 cm (b) and during chemical treatment

Figure 3. Determination of Cellulose, and Lignin Composition Analysis of UTMF and TMF by  
Van Soest methodology37
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(15 mm × 15 mm × 3mm)/(15 mm × 15 mm) = 3 mm. The 
corresponding amount of resin and hardener was placed in 
a beaker and stirred for 15 minutes. Then, a layer of resin 
was placed in the cavity, and, after, the fibers were placed in 
the cavity (Figure 4b). After all the fibers were in place, the 
rest of the corresponding resin was introduced into the mold, 
which was then left to stand for 5 minutes. Following this, 
the lid (male) was put on and pressure was applied (10 MPa). 

The mold was maintained under pressure at room 
temperature (RT) for 24 hours during the curing of the resin. 
When cured, the rectangular plates were cut into 12 samples, 
maintaining the fiber aligned along the length (Figure 5)

2.6. Differential scanning calorimetry and thermo gravi-
metry analysis 

For the differential scanning calorimetry (DSC) 
analyses and measurement of mass loss (TGA), the 
UTMF and TMF samples were comminuted and placed in 
aluminum crucibles using a simultaneous thermal analyzer 
(SDT Q600 V20.9 BUILD 20, TA INSTRUMENTS) with 
a measurement range from 0 to 1500 °C, nitrogen flow of 

30 mL min−1, ramp rate of 10 °C min−1, considering the 
recommendations of ASTM D3418-03.38

2.7. Microstructural analysis

The morphological analysis of the surface of the UTMF 
and TMF samples and the microstructural analysis were 
performed on fractured surfaces of MEC (10, 20, and 
30%) tensile samples using a scanning electron microscope 
(JSM-ITR 500 HR, Jeol) with an accelerating voltage of 0.3 
to 30 kV. The samples were metalized with gold for five 
minutes using a high vacuum metallizer (DII-29010SCTR 
Smart Coater, Jeol, Japan).39 

2.8. Tensile tests

Tensile tests were performed to determine the mechanical 
strength of each composite of the MEC according to ASTM 
D638.40 A universal testing machine (Instron 5984) equipped 
with a 150 kN load cell was used to perform traction tests at 
3 mm min−1 at room temperature (23 ± 2 °C, RH 50 ± 10%).

2.9. Characterization of UTMF and TMF

To ascertain the structural and compositional constitution 
of the UTMF, and the changes that occurred after the alkaline 
treatment, X-ray diffraction (XRD) analysis was carried 
out. This was done using a diffractometer (XRD-7000, 
Shimadzu) operating under CuKα radiation at a voltage 
of 40 kV and 30 mA, with a scanning rate of 2 °C min−1. 

The XRD was also used to calculate the crystallinity 
index values of UTMF and TMF. The crystallinity index (CI) 
for cellulose was calculated using equation 1, where I1 is 
the intensity of the diffraction minimum, which is related to 
the amorphous part, and I2 is the intensity of the diffraction 
maximum, which is related to the crystalline part. This 
method was developed by Segal and collaborators (1959) 
and has been widely used for the study of natural fibers.41,42

Figure 4. Composites with 10 wt.%, 20 wt.%, and 30 wt.% in volume of aligned Mallow fibers

Figure 5. Image shows the cured rectangular plates being cut
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   (1)

3. Results and Discussion

3.1. Chemical composition analysis of Mallow fibers

The results of the chemical composition analysis before 
and after treatment of the Mallow fibers with 5% NaOH are 
presented in Table 1.

This alkali treatment is important because removing 
the hemicelluloses, lignin, waxes, and other compounds 
occurring in lesser amounts in the fiber results in 
roughening of the fibers and can enhance the mechanical 
interlocking between the fibers and the polymer during the 
production of the composite.43 In this work, the treatment 
removed hemicellulose and the ash content by up to 28.8 
and 31.4%, respectively, but at the same time, the lignin 
increased by 56%. This may be because the structure of 
fibers is strongly related to the age of the plant, its species, 
climate, harvesting time, fiber processing techniques,44 
and non-uniform compositions.45 The cellulose part 
increased by 7% after the treatment and it is the key 
component that gives the fiber strength, rigidity, and 
stability.46 Hemicelluloses are closely linked to cellulose 
microfibrils and help embed the cellulose in a matrix47 
and lignin functions as a chemical adhesive within and 

between fibers.48 The moisture was reduced by 3.5% after 
the treatment.

3.2. Mallow fiber morphology

Fiber morphology is important in order to be able to 
predict the interaction of the fibers with the polymer matrix 
in natural fiber-reinforced composites. Figure 6 shows the 
micrographs of the UTMF (a) and TMF (b) at magnification 
levels of 220×, respectively. The fibrils of UTMF (Figure 6a) 
appear to be joined, forming a single bundle of fibers,49,50 
and show a smooth, compact surface with no fibrillation. In 
contrast, the TMF (Figure 6b) reveals an increase in surface 
roughness, mainly due to the chemical degradation of the 
hemicellulose as a result of the alkali treatment.49-51 This 
modification of the fiber surface can improve its physical 
adhesion with the matrix phase, since it can facilitate the 
penetration into the internal parts of the fiber, increasing, 
consequently, the mechanical properties of the composite 
material.52 In addition, the microfibrillar angle can also be 
modified by the removal of the hemicellulose, which directly 
affects the increase in fiber stiffness.34-36

3.3. Characterization of UTMF and TMF

The results of the FTIR spectroscopy for the UTMF, 
TMF, and MEC are shown in Figure 7. The figure shows 
the variation in peaks in the range of 4000 – 400 cm−1. 
The spectra obtained for both the UTMF, TMF, and MEC 
show broad O–H absorption elongation at 3367, 3348, and 
3352 cm−1, respectively, which is characteristic of cellulose, 
hemicellulose, and lignin in the fibers.53,54 The alkane C–H 
absorption elongation of cellulose, hemicellulose, and 
lignin (2860–2970 cm−1), which is characteristic of natural 
fibers, is found in both UTMF, TMF, and MEC. A peak is 
observed in UTMF at band 1735 cm−1 that is not present in 
TMF and MEC. This peak may be due to the removal of 
unwanted materials like wax from the surface of the fiber 
after the chemical treatment19 and may be related to C=O 
stretching of acetyl or carboxylic ester. The absorption band 
at 1238 cm−1 corresponds to C=O and –C–O–C groups of 

Table 1. Chemical composition of Mallow fibers before and after alkali 
treatment

Chemical 
Composition

Mallow Fibers (%)

Untreated Treated

Cellulose 75.39 80.59

Hemicellulose 17.40 12.39

Lignin 2.47 3.87

Ash 0.70 0.48

Moisture 7.30 7.04

Figure 6. (a) SEM micrographs of UTMF (b) TMF micrographs of UTMF
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lignin. The absorption band at 1033 cm−1 corresponds to 
the C–O elongation of cellulose, hemicellulose, and lignin. 
Therefore, absorption bands at 891 to 559 cm−1 are taken to 
be C=C bending of lignin. 

In the literature, there are several discussions about the 
spectrum of the FTIR of pure epoxy.55,56 The broad band 
at 3437 cm−1 is attributed to the symmetrical stretching 
vibration of the – OH which has been shifted to 3352 cm−1 
in Mallow fiber composite (MEC). As a rule of thumb, the 
–OH stretching peak is sensitive to hydrogen bonding. The 
band at 2924–2866 cm−1 is more pronounced in Mallow fiber 
composite as compared with neat epoxy, UTMF, and TMF, 
which is due to C–H stretching at 1735 and 1675 cm-1 are 
found in the pure epoxy spectrum and the bands at 1735 cm-1 
(UTMF) and 1593 cm-1 (TMF) are not found in the MEC. 
The band around 1608 cm-1 that appears in MEC is due to 
the C=C bond in the epoxy and appears in UTMF and TMF 
due to the presence of these bonds in lignin. Furthermore, 
a high difference was found in the MEC fingerprint region 
(1608–600 cm-1) compared to UTMF and TMF. This may 
be due to the active participation of fibers as reinforcement 
in the matrix.

Figure 8 shows the DSC-TGA curves of UTMF (a) and 
TMF (b). In the UTMF (Figure 8a), the peak of 51.1 °C 
represents the loss of surface water from the sample in 
the TGA/DTG and DSC analyses. The first transition 
peak, in the 293.3 °C curve, refers to the decomposition 
of hemicellulose.49,57 The decomposition of cellulose 
is indicated by the peak at 341.9 °C. The thermal 
decomposition of lignin begins only at higher temperatures 
(over 400 °C). Due to its complex structure, lignin is the 
most difficult component to degrade among the three main 
components.41,49

In the DSC graph, it is possible to notice events of 
water loss and thermal decomposition of the hemicellulose, 
cellulose, and lignin that correspond to those found in the 
TGA/DTG curves. In the DSC curve, the endothermic peak 
around 54.8 °C is associated with loss of water through 
vaporization. Even though the fibers were previously dried 
before each analysis, the elimination of water is hampered 
by its hydrophilic character. In addition to the endothermic 
peak originating from the evaporation of water, the DSC 
curve of the untreated fiber shows two more thermal events 
(at 410.6 and 497.7 °C) that are of an exothermic nature, 
which are characteristic of the constituents of the fiber, i.e., 
cellulose, hemicellulose, and lignin.

Thermal decomposition of hemicellulose and cellulose 
occurs at temperatures over 300 °C and up to approximately 
410.6 °C. Finally, the last event (at 497.7 °C) refers to the 
decomposition of lignin.58-60

Figure 8b shows the DSC and TGA graph of TMF. The 
peak of 333.7 °C in the DSC curve, which is more evident 
in the TMF than in the UTMF, refers to the decomposition 
of cellulose. This greater evidence is probably due to the 
increase in Cellulose content after treatment with NaOH, 
in addition to different reactions or mechanisms involved in 
the process. In the TGA/DTG graph, it is possible to notice 
events of water loss (49.9 °C) and thermal decomposition 
of the hemicellulose (310.2 °C), cellulose (340.1 °C) and 
lignin (486.4 °C) that correspond to those found in the DSC 
curves. In the last point of decomposition (Figure 8b), at 
temperatures over 545.7 °C (TGA/DTG and DSC analyses) Figure 7. FTIR spectra of UTMF, TMF, and MEC samples

Figure 8. (a) DSC and TGA graph of UTMF samples (b) TMF graph of UTMF samples
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which indicates the probable decomposition of sodium 
hydroxide. 

The thermodegradation of polysaccharides as 
hemicellulose consists of various saccharides, amorphous 
structure, rich in branches, which are very easy to remove 
from the main stem, and the cellulose that consists of a long 
polymer of glucose without branches, its structure is in good 
order and very strong, can occur by cleavage of glycosidic, 
C–H, C–O, and C–C bonds, dehydration, decarboxylation, 
and decarbonylation reactions, with formation of C–C, C–C, 
C–O bonds as well as carbonyl and carboxyl groups.49,58,60 
The weight loss of Lignin which features a structure full 
of aromatic rings with various branches, occurs at higher 
temperatures and its degradation is related to dehydration, 
yielding derivatives with lateral unsaturated chains, and 
the release of water, CO2, CO, and methane.49,58 The 
differences in the inherent structures and chemical nature 
are responsible for the different behaviors observed.58

The DSC and TGA analyses for both types of fibers 
(UTMF and TMF) showed only a slight displacement of 
the peaks, though within an acceptable range.

3.4. Crystallinity index of UTMF and TMF

The X-ray diffractograms, XRD, of Mallow fiber 
are shown in Figure 9. Three peaks were observed for 
all samples at 2θ = 15.8, 22.3, and 34.5°. These are 
characteristic of the crystal polymorph I of cellulose. For 
fibers with higher cellulose content, like cotton or flax, two 
peaks around 16° are observed in curaua fibers, only one 
broad peak was observed49,50 and for Mallow fibers (UTMF 
and TMF) only one broad peak was observed due to the 
presence of amorphous materials like lignin, hemicelluloses, 
and amorphous cellulose, which cover the two peaks.56,61,62

The crystallinity index (CI) results for UTMF and TMF 
show the UTMF presented a CI of 57% while the TMF 
had a CI of 77.60%, indicating the effectiveness of the 
chemical treatment removed of some of the amorphous 
constituents of the fibers, likewise, it may have occurred 

to rearrangement of the crystalline regions in such a way 
that the fiber shows a more crystalline.63 Crystallinity is 
related to the cellulose content that the fiber has, as it is 
the only component that crystallizes.64 In the cellulosic 
chain, intramolecular hydrogen bonds are responsible 
for imparting the mechanical properties of stiffness and 
strength. According to several authors, the CI of natural fiber 
is directly related to the increase in mechanical strength and 
modulus of elasticity, although it is not the only factor that 
determines the increase or reduction of these properties.65 

3.5. Mechanical properties of the MEC

The mechanical properties, such as tensile strength, 
Young´s modulus, and elongation at maximum load, of 
the fiber composites treated with alkali at different weight 
percentages (10, 20, and 30 wt.%) were measured and 
presented in Figure 10. From the results, it is observed 
that the maximum value for the mechanical properties 
was obtained at 20 wt.% of fiber loading, which gives 
100.22  MPa of tensile strength, 4.59 GPa of Young’s 
modulus, and 3.14% elongation at maximum load. The 
chemical treatment and the fabricated composites reveal 
excellent mechanical properties due to better adhesion of 
fiber and matrix. 

In other works,19,20,32 the best results found for the 
mechanical properties, tensile strength, Young’s modulus, 
and elongation at maximum load obtained from Mallow 
fiber reinforced epoxy composites are those with 20 and 
30 wt.%, as shown in Table 2.

Comparing the tensile strength obtained in this work 
with the other results presented in Table 2, we can observe 
that 100.22 MPa (20 wt.%) > 81.25 MPa (20 wt.%)19 
and 100.22  MPa (20 wt.%) > 56.2 MPa (30 wt.%)20 
and 100.22  MPa (20 wt.%) > 69.75 MPa (30 wt.%) 
and 100.22  MPa (20 wt.%) < 130.70 and 177.49 MPa Figure 9. XRD patterns of TMF and UTMF samples. 

Figure 10. Mechanical properties of MEC samples
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(30 wt.%).32 This difference of 20% or 30% between the 
parameters of mechanical properties may be related to the 
mechanical characteristics of the natural fiber, which may be 
influenced by several factors such as processing techniques 
for fiber extraction, aspect ratio, cultivation conditions, 
matrix selection, interfacial strength, fiber distribution, 
stacking sequence, composite production process, and 
permeability since these are the primary elements that affect 
mechanical performance.66

Figure 11 shows the SEM images of fractured cross-
sections after a tensile test for MEC 10% (Figure 11a), 
20% (Figure 11b), and 30% (Figure 11c) wt.%. Fracture 
analysis contributes to explaining the improvement provided 
by the Mallow fiber reinforcement to the epoxy matrix of 
the investigated composites. In Figures 11a and 11c, one 
can see the fiber/matrix interface adhesion after the tensile 
test and the matrix river marks this typical characteristic of 
fragile polymer fracture.67 This is because the reinforcement 

Table 2. Mechanical properties of Mallow/epoxy for the best fiber load

Fiber Loading 
(wt.%)

Tensile Strength 
(MPa)

Young’s Modulus 
(GPa)

Elongation Reference

20 81.25 3.98 22.2% 19

30 177.49 -
4.99 mm 

(silicone mold)
32

30 130.70 - 1.43 mm 32

30 56.2 15.8 - 20

20 100.22 4.59 3.14% this work

30 69.75 4.00 3.29% this work

Figure 11. SEM images of fractured cross-sections from the MEC tensile test:  
(a) 10 wt.% (b) 20 wt.% (c) 30 wt.%
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by the fibers is not yet effective, thus making the fracture 
mechanism fragile.20,32,50 An weak fiber/matrix interaction, 
in which load transfer from the matrix to the fiber is not 
effective, leads to a reduction in the tensile properties68-70 
which also explains the tensile strength values obtained for 
the MEC with a fiber load of 10 wt.% and 30 wt.% being 
lower than that obtained for the MEC with 20 wt.%. 

For the composites with 20% fiber loading present in Figure 
11b, rupture fiber is observed. The main point to be observed 
in this figure is the well-adhered Mallow fiber into the epoxy 
matrix. The fiber rupture is more intense, as is the interfacial 
displacement with the epoxy matrix, evidenced by ruptured 
fibers, and only a few holes associated with fiber pullout 
were detected. The fiber failure mode indicates good load 
transfer through fibers and matrix improves the mechanical 
properties of natural fiber-reinforced polymer composites,20 
a fact corroborated by the higher mechanical resistance.

4. Conclusions

The Mallow fiber treated with 5% NaOH increased 
cellulose and lignin and removed hemicellulose and ash 
content. The effective removal of chemical groups, such as 
waxes, upon alkalization, was identified and confirmed via the 
Fourier Transform Infrared (FTIR) spectroscopy. The TMF 
presented higher crystallinity index (CI) values than UTMF, 
thus indicating the effectiveness of the chemical treatment. 
Fibers such as Mallow, with a high crystallinity index, have 
low amorphous regions and result in stiff and strong fibers 
of interest in the formation of fiber composites. The UTMF 
has the highest amount of amorphous cellulose, which 
explains why the first exothermic peak temperature (DSC) 
is lower than those of the TMF, which has the least amount 
of amorphous cellulose. The scanning electron microscopy 
(SEM) results indicate that, after the alkali treatment, the 
Mallow fiber reveals an increase in surface roughness due 
to the chemical degradation, thus improving its physical 
adhesion with the matrix phase, and, consequently, increasing 
the mechanical properties of the composite material. In 
addition, the SEM analysis confirms an effective adhesion 
of the Mallow fiber to the epoxy matrix and the crack arrest 
by the fiber that contributes to the reinforcement behavior. 
Finally, treated Mallow fibers have high thermal stability and 
crystallinity index values, and 20 wt.% of fiber loading was 
considered to be the optimum fiber loading for the fabrication 
of Mallow/epoxy resin composites (MEC) as it shows the best 
mechanical properties (i.e., 100.22 MPa of tensile strength, 
4.59 GPa in Young’s modulus) when compared with the other 
fabricated composites.
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