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Researchers are showing increasing interest in plant fiber reinforced composites due to their eco-friendliness, low
density, low cost and amazing mechanical properties. However, some challenges remain for researchers in this field,
most notably poor adhesion between the polymer matrix and the plant fibers, which reduces the mechanical properties
of composites reinforced with these fibers. This study aims to improve the adhesion between the matrix and the
reinforcement by chemically treating Alfa fibers (Stipa tenacissima) with a 3 wt% NaOH solution at different times (1,
3, 5 and 24 h). FTIR, DRX, GTA and tensile tests were conducted. XRD tests showed that the crystallinity index of 3%
alkali treated Alfa fibers for 5 h increased by 36.26%, compared to that of untreated fibers. The results also revealed
that the mechanical properties of composites reinforced with treated fibers outperformed those reinforced with
untreated fibers. These findings can contribute to the development of high mechanical performance composites, which
can be competitive with those prepared with synthetic fibers.
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INTRODUCTION

Plant fibers are used in various light structural
applications, such as automotive panels, thermal
insulation, aerospace, packaging industry,
windows and doors.!? Natural fibers have
attracted the attention of researchers due to their
remarkable properties: easy availability, low
density, biodegradability, renewability, cost-

fiber hydrophobicity and wettability must be
overcome.'? Surface modification techniques,
such as NaOH treatment, silane, potassium
permanganate,  benzoyl chloride, plasma
treatment, laser treatment, corona treatment and
others, have been reported in various studies as

potential modifications to the surface of the fiber
14-16

effectiveness and environmental friendliness. In
addition, the processing of natural fibers does not
pollute the environment or negatively impact
workers and end users.*’ Natural fibers, when
used as reinforcement in composite materials, are
an attractive alternative to glass fibers due to their
ease of processing and competitive mechanical
and dynamic properties.®1°

The main issue that researchers face is poor
interfacial adhesion between the polymer matrix
and the fibers because the fibers are hydrophilic,
while the polymer matrix is hydrophobic,
resulting in poor adhesion.!''? To create better
and more durable composites, limitations such as

to improve its properties.

The effect of alkali treatment on fiber-
reinforced unsaturated polyester composites was
investigated by Benyahia et al.'” To improve the
mechanical properties of the studied composite,
the authors treated the Alfa fibers with different
concentrations of NaOH (1, 3, 5, and 7%) for 24
hours (resistance to bending). The results show
that the flexural strength is significantly
improved, particularly in the composite reinforced
with Alfa fibers treated with NaOH (7%). Raharjo
et al.'® used an alkaline treatment to improve the
fiber-matrix interface of cantala fiber. The
alkaline treatment was carried out for 0, 4, 8, 12,
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16, 20, and 24 hours using a 2% NaOH solution.
The composites’ tensile properties were examined
to determine the effect of alkaline treatment. The
results show that adding alkali-treated fibers to
recycled high-density polyethylene composites
improved the composites’ tensile performance by
15.5%.

Mouissa et al.' chemically treated wood
sawdust with NaOH (5 wt%) and KMnO4 (0.01
wt%) solutions. Mechanical tests on a composite
reinforced with alkali-treated sawdust revealed
increased flexural and compressive strength, with
maximum values of 089 and 4.85 MPa,
respectively. Borchani et al*® used a NaOH
solution at two different concentrations (1 and 5%
by weight) to treat Alfa fibers in a similar study.
The authors reported that the treated Alfa fibers’
crystallinity index and thermal stability improved.
Boukoulda et al?' also used different
concentrations of sodium hydroxide on Alfa
fibers (9, 10, 11 and 12%). The composite
reinforced with 9% NaOH-treated fiber had the
highest tensile strength, according to their results.
Adour et al?** prepared composites of an
unsaturated polyester resin matrix, reinforced
with treated and untreated Alfa fibers. Fiber
treatment was performed by 5% NaOH solution at
different times (1, 3, 5 and 24 hours). The
analytical results showed that the curing time of
the fibers had a positive effect on the mechanical
properties of the composites. In this work, we
prepared composite materials reinforced with Alfa
fibers that have been treated with a 3% soda
solution at different times (1, 3, 5 and 24 hours),
with the objective of determining the extent of the
effect of the treatment time on the mechanical
properties of the composites studied (tensile
strength).

EXPERIMENTAL
Raw material

Alfa fibers were harvested in the Hodna region
(M’sila-Algeria) in August 2022. The fibers were
rinsed with tap water to remove dust and pollutants,
then air-dried for 3 days at room temperature.

Alkaline treatment of Alfa fibers

The treatment consisted of 98% pure sodium
hydroxide (NaOH), acetic acid and analytical grade
glycerol (99.5% purity). Chopped Alfa fibers were
treated in a 3 wt% sodium hydroxide solution for
different periods (1, 3, 5 and 24 hours) at a solution
ratio of 15:1 (w/v). After treatment, the fibers were
soaked in an acidified solution to remove excess soda,
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rinsed with water to pH 7, and dried in an oven at 105
°C for 6 h. The fibers used in this preparation were 1
cm in size.?

Composite preparation

The matrix used for this study was an unsaturated
orthophthalic polyester cured with 2% methyl ethyl
ketone peroxide. Table 1 summarizes the
characteristics of the unsaturated polyester matrix. The
specimens were prepared using a wooden mold of
dimensions 200x20x4 mm?. The fiber content of the
composite was set at 30% (v/v). The composite was
prepared by the lay-up method. The fibers were
introduced into the matrix, and the mixture was poured
into the mold to obtain the samples. Table 2 lists the
codes of the samples studied.

Fourier transform infrared spectroscopy (FTIR)

The spectra of the samples were recorded by an
FTIR Affinity-1S SHIMADZU (Japan), installed at the
Laboratory of Chemistry of the University of Setif,
Algeria. The samples were prepared in tablet form: a
mixture of a small amount (~5% by mass) of
previously ground Alfa fiber (treated or untreated) with
95% by mass of potassium bromide (KBr). The
scanning range was between 400 and 4000 cm™! with a
resolution of 2 cm™..

X-ray diffraction (XRD)

The treated and untreated Alfa fibers’ crystallinity
index (Crl) values were determined on a D8
diffractometer (Bruker-AXS, Germany) with copper
radiation. The Cu Ka (A = 1.54 A) was operated at 40
kW and 20 mA, with a velocity of 5 °/min over a 20
range from 5° to 70°. The crystallinity index (Crl) of
the samples was calculated based on the diffraction
intensities given by Segal et al.:*

Crivg = I}Di}— am

ooz (1)
where Crl is the crystallinity index, Iwoz is the
intensity of the (002) plane crystal phase at 26 = 22°,
and I.m is the intensity of the amorphous phase at
20=17°.

Thermogravimetric analysis

Thermal properties were investigated using
thermogravimetric analysis (TGA) to track the
evolution of thermal stability in fibers. The
measurements were made in a nitrogen atmosphere
using thermal analysis equipment (SDT Q600 TA,
USA) from 20 °C to 800 °C at a heating rate of 10
°C/min.

Scanning electron microscopy (SEM)

The SEM test was performed after the samples
were broken to check the adhesion between Alfa fibers
and the matrix. A JOEL JSM 7001F SEM was used in
this test (Japan). The SEM images were obtained using



the secondary electronic imaging method with a beam
acceleration voltage of 15 kV.

Mechanical testing
Tensile tests were conducted on the composite
specimens using a Universal Testing Machine (Zwick

Table 1

Composites

750, Zwick-Roell, Germany), with a crosshead speed
of 1 mm.min"!. Rectangular-sized specimens (250 x 22
x 21 mm?) were used for testing. The tensile testing of
the behavior of Alfa fibers composite samples was
carried out according to the ASTM D3039 standard.

Physical and mechanical properties of unsaturated polyester??

Characteristics

Viscosity at 25 °C
Styrene content
Acid value max
Density

Gel time at 25 °C
Curing time
Exothermic peak
Tensile strength
Bending strength

1000-1800Cps
39-41%

30 KOH/g
1.09-1.11 Kg/dm?
20-40 min
50-70 min
100-120 min
40-60 MPa
80-100 MPa

Table 2
Coding of different composite samples prepared

Code Formulation

UTAF/UP Untreated Alfa fiber/unsaturated polyester
ATAF31/UP Alfa fiber alkaline treated with 3% for 1 h/unsaturated polyester
ATAF33/UP Alfa fiber alkaline treated with 3% for 3 h/unsaturated polyester
ATAF35/UP Alfa fiber alkaline treated with 3% for 5 h/unsaturated polyester
ATAF324/UP Alfa fiber alkaline treated with 3% for 24 h/unsaturated polyester

RESULTS AND DISCUSSION

FT-IR analysis

The spectra recorded from the FT-IR analysis
of the untreated and treated Alfa fibers are shown
in Figure 1, demonstrating that nearly identical
patterns were obtained, with minor differences in
the case of the treated sample. The peak response
found at specific wavelengths between 400 and
4000 cm™ determined the presence of cellulose,
hemicelluloses, and lignin components in the fiber
structure. The hydroxyl group (OH) bound to
cellulose and hemicelluloses is responsible for the
broadband absorption at around 3390 cm™.!! A
prominent absorption band (between 2840 and
2945 cm) for treated and untreated Alfa fibers,
respectively, may be related to the alkyl C-H
stretching vibration (both symmetrical and
asymmetrical) in natural fiber cellulose and
hemicellulose components.’* Another peek at
1735 cm™ is associated with carbonyl groups
C=0 due to carbonyl (C=0) stretching vibrations
of carboxyl and acetyl groups in hemicelluloses.?®

Furthermore, Figure 1 shows that the peak of
the samples ATAF31 and ATAF24 is lower when
compared to that of untreated Alfa fibers. This
finding may be due to the partial hydrolysis of
cellulosic transcripts in alkaline media. The
absorption bands at 1643 and 1242 cm™ indicated
that the acetyl groups in the lignin components
were C=C and C-O stretched, respectively.?® The
intensity of two peaks (1257 cm™ and 1735 cm™)
on the spectra of treated Alfa fibers (ATAF31,
ATAF33, ATAF324) decreased when compared
to untreated Alfa fibers. This is due to the
removal of some lignin and hemicelluloses. The
peak at 1030 cm?! is associated with
hemicellulose C-O bond vibration.?” In addition, it
can be noted that removing hemicellulose
components reduced the two peaks at 3390 cm!
and 1030 cm™® As a result of the alkaline
treatment and processing time of Alfa fibers,
some fiber components, such as lignin and
hemicelluloses, dissolved.
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X-ray diffraction

Figure 2 shows the diffraction spectra of
treated and untreated Alfa fibers. The crystallinity
index values of the fibers (Table 1) improved
after the treatment. The sample’s highest
crystallinity index is 43.46% (ATAF35), with an
increase of 36.26 % compared to that of the
untreated fibers. These results also show that the
treatment time has a positive effect, increasing the
crystallinity index (Crl), because, with a treatment
time of 5 h, the crystallinity index reaches a
maximum value. Pickering et al®® also reported

100 { ATAF324
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Figure 1: Infrared spectra of untreated Alfa fibers

and those treated for 1, 3, S and 24 h

that alkaline treatment resulted in a higher
crystallinity index and better thermal stability for
harakeke and hemp fibers. This increase may be
attributed to the removal of amorphous
hemicelluloses from the fibers, or there is a
possibility of rearrangement of the crystalline
regions, so that the fiber has a more crystalline
nature.?>** On the other hand, beyond 5 h, the Crl
decreases. Thus, with a longer treatment time, the
alkaline treatment can damage the fibers and lead
to a decrease in the crystallinity index.>!"*

26 (degree)
Figure 2: X-ray diffraction patterns of untreated
Alfa fibers and those treated for 1, 3, 5 and 24 h

Table 3
Crystallinity index of untreated Alfa fibers and those treated at different times (1, 3, 5 and 24 h)
Material 1 (002) Tam Crl%
UTAF 430 312 27.7
ATAF31 1145 752 343
ATAF33 420 268 36.19
ATAF35 1026 580 43.46
ATAF324 1259 749 40.5
Thermogravimetric analysis (TGA) 230 °C, respectively. Hemicellulose
Thermogravimetric analyses were performed decomposition may cause fiber

to compare the effects of the treatments on the
thermal stability of the fibers. Figure 3 depicts the
thermal stability curves of untreated Alfa fibers
and those treated with NaOH (3%) at various
times (1, 3, 5, 24 h). It depicts three areas of mass
loss. The treated and untreated Alfa fibers lost a
small amount of weight in the first region
between 25 and 100 °C, corresponding to water
molecule evaporation. Several authors®»** have
made the same observation. Untreated Alfa fibers
begin to decompose around 205 °C in the second
region, between 200-290 °C, while treated Alfa
fibers begin to decompose between 220 °C and
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decomposition.®*!35 Decomposition in the third
region, 290-400 °C, is related to cellulose and
lignin degradation.*

Izani et al.*® demonstrated that temperatures
ranging from 200 °C to 400 °C correspond to the
decomposition of cellulose and hemicelluloses.
Meanwhile, lignin decomposition begins above
400 °C, it is the most difficult component to
degrade; the mass stabilizes at 700 °C, or 30% for
treated fiber; however, the loss remains stable
above 550 °C or 37% for untreated fiber. As a
result, the treated fiber’s lost mass is less than that
of the untreated fiber, as shown in Figure 3. As a



result, we can conclude that fiber treatments
enhanced thermal stability. We highlight a shift
toward higher temperatures in the samples
ATATF33 and ATAF 324. Mohanty et al.’® made
the same observation. These results show that
Alfa fibers treated with NaOH improved their
thermal behavior over time. As a result, as
suggested by FTIR measurements and chemical
analysis,’*® the evolution of the degradation
temperatures of the treated Alfa fibers can be
attributed to the efficient removal of
hemicelluloses.

SEM analysis of Alfa fibers

Figure 4 presents the micrographs of Alfa
fibers obtained by SEM. The outer surface and
longitudinal section of treated and untreated Alfa
stems were examined. Alfa rods, like all natural
fibers, are similar to a composite material
reinforced by several elementary cellulose fibers
(fibrils) bound together lengthwise, lignin, and
other non-cellulosic materials; the whole is

Composites

regularly covered with waxes and impurities (Fig.
4a).3*%° Longitudinal section observations (Fig.
4b) show that inside the stems there are many
small elements placed regularly and surrounding
the bundles of fibers. These elements represent
the comma-shaped cells that are still abundant in
Alfa stems. A comparison of different
micrographs of treated and untreated Alfa stems
reveals morphological changes in the Alfa stem
after chemical treatment with soda (Fig. 4c and
4d). Untreated Alfa rods have a smooth surface,
whereas treated rods have exposed fibrils. The
surface roughness increases as the alkaline
treatment time increases (from 1 h to 24 h). As a
result, removing non-cellulosic materials, such as
lignin, hemicelluloses, and wax increases the
roughness of the treated fiber surface.*® Surface
roughness increases the interfacial adhesion
between the polymer matrix and the natural
fibers, contributing to the fibers’ reinforcing
role.*!
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Figure 3: TGA of untreated and NaOH-treated Alfa fibers at different times (1, 3, 5 and 24 h)

Mechanical testing of composites

Tensile strength

Figure 5 shows that alkaline treatment of Alfa
fibers at various times improves the tensile
strength of the composites. When the Alfa fibers
are alkaline treated at different times, the tensile
strength of the composites (ATAF31/UP,
ATAF33/UP, ATAF35/UP, and ATAF324/UP)
improves compared to that of the composites
reinforced with untreated fibers (UTAF/UP). This
result is attributed to the treated fibers’ good
adhesion to the polymer matrix. The maximum
tensile strength value for composite ATAF35/UP
was 15.73 MPa, representing an 11% increase

over that of the untreated composite. It is
important to note that higher alkali treatment time
improves the mechanical efficiency of the
composites under consideration.  Alkaline
treatment reduces fiber size, which has been
observed in other natural fibers, such as hemp,*
flax*® and coconut,** and improves fiber
dispersion in the matrix. The alkaline treatment
removes impurities and parietal components, such
as lignin, pectin, and waxy substances, which coat
the outer surface of fiber cell walls. In addition, it
results in fiber formation and provides a rough
surface for physical and chemical reactions at the
filler-polymer interface.*
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Figure 4: SEM images of Alfa stems: (a) untreated, outer surface, (b) untreated, longitudinal section, (c¢) 3% NaOH
treated for 3 h, longitudinal section, (d) 3% NaOH treated for 5 h, longitudinal section,
(e) 3% NaOH treated for 5 h, longitudinal section

612

10

Tensile Strength (GPa)

152 1573 15.53
14.16 14.46

1117

up UTAFUP  ATARIAP  ATAFIP  ATARISUP  ATAFI4AP

Figure 5: Effect of alkaline treatment time on the

tensile strength of the studied composite
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Figure 6: Effect of alkaline treatment time on the
tensile modulus of the studied composite



Tensile modulus

The evolution of the tensile modulus of
composites reinforced with treated and untreated
Alfa fibers is depicted in Figure 6. In general, the
composites reinforced with treated Alfa fibers
exhibit higher tensile moduli than the composites
reinforced with untreated Alfa fibers. It can be
noted that higher fiber treatment time increases
the stiffness of composites. These findings are
consistent with those of Rocha et al* and
Arrakhiz et al.¥’ On the other hand, composites
reinforced with fibers treated for one hour show
an increase in the modulus of -elasticity
(ATAF324/UP). The maximum tensile modulus
was 46.76 GPa, 32% higher than that of the
untreated fiber-reinforced composites.

Morphological characterization of composites
by scanning electron microscopy

Figure 7 (a-d) shows the micrographs of the
fractured surfaces of the composites based on
unsaturated polyester reinforced with Alfa fibers,

% 1,880 33.0kV 5EI  GEH Wo ¥

Composites

observed under the scanning electron microscope.
SEM micrographs of the UTAF/UP, ATAF31/UP,
ATAF33/UP, and ATAF35/UP formulations were
examined to determine the effect of alkaline
treatment of Alfa fibers on the interface of the
composites (Fig. 7). Figure 7a and 7b show the
presence of microvoids and cavities on the surface
of samples UTAF/UP and ATAF31/UP. These
microvoids are accentuated by the alkaline
treatment effect, due to the loosening of the
charge of the UP matrix during the fracture,
highlighting the incompatibility of the two phases
due to poor interfacial adhesion and the difference
in energies (or polarities) of the free surface of the
hydrophilic ~ filler and the hydrophobic
polymer.*®* On the other hand, the micrographs
of the fractured surfaces of the treated (Alfa/UP)
composites (Fig. 7c and 7d) show good adhesion
and compatibility between the Alfa fibers and the
UP matrix, with fewer voids and cavities after all
of the modifications mentioned.

Figure 7: SEM micrographs of untreated and treated composites; (a) UTAF, (b) ATAF31, (¢c) ATAF33,
(d) ATAF35

CONCLUSION
Alfa-reinforced polyester-based composites

were successfully manufactured and characterized
in this study. The mechanical properties of the
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composite material were designed to improve
with the treatment applied to the fibers before
manufacturing the composites. The mechanical
testing of the material incorporating Alfa fiber
treated with 3 wt% NaOH solution at different
times (1, 3, 5, 24 h) revealed higher mechanical
strength values — of 15.73 MPa for tensile
strength and 46.76 GPa for tensile modulus,
respectively. This finding suggests good fiber-
matrix adhesion, due to which stress is effectively
transferred from the matrix to the fiber. Given the
morphological structure of the treated fiber, the
longitudinal surface study revealed that the
surface became rough after being exposed to
high-time alkali treatment.

Furthermore, the alkaline treatment increased
the Alfa fibers’ crystallinity index. The ATAF33
sample achieved the highest value, with the
crystallinity index increasing by 56.89%,
compared to that of untreated fibers. The treated
ATAF31/UP, ATAF33/UP, ATAF35/UP, and
ATAF324/UP composites showed an increasing
trend in crystallinity index values, consistent with
their relatively good mechanical properties. The
removal of hemicelluloses, lignin, and other
surface contaminants from the fiber surface was
demonstrated by FT-IR analysis of the
composites. These findings may broaden the
potential applications Alfa fiber reinforced
polyester composites as promising materials.
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