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Abstract

Bio-based composites are outstanding materials to replace many synthetic fiber-based composites due to their biode-
gradability and sustainable environmental properties. This research aims to characterize and analysis a new cellulosic fibers
extracted from Echinops spinosissimus plant stem, to study their integration in the field of various industries such as
composites and textiles. Thus, adding and incorporating a new natural fiber to the list of fibers that enter into the
production of Bio-based composites materials, and meet the needs of the market that knows a shortage of these materials.
In addition, the extracted fibers from Echinops spinosissimus plant, which is abundant and have acceptable properties that can
replace the synthetic fibers. The stem anatomy results showed a strong presence of fiber cells, fiber SEM micrographs
showed that fiber surface become rough, these fibers have a density of 0.97 + 0.01 g/cm?, and diameter 280.76 pm. FTIR
and XRD showed that these fibers are cellulosic. Thermal analysis revealed that Echinops spinosissimus fiber have a thermal
stability of 208°C. Tensile strength, Young modulus and strain at failure were found as 217.54 + 54.16 MPa, 19.23 +
0.76 GPa and 3.78 + 0.36%, respectively. SEM showed that the studied fiber becomes more roughness in the outer surface
following the chemical treatments, thus contributing to better adhesion with resin. This work confirmed that Echinops
spinosissimus fibers are suitable materials for use in textile and biocomposite applications.

Keywords
Echinops spinosissimus, stem anatomy, mechanical properties, attenuated total reflectance-fourier transform infrared
spectroscopy, X-ray, thermogravimetric analysis

significantly depending on the used fiber type and com-
posite formulation.’

The performance of plant fibers is directly affected by
various factors such as maturity, growth environment
(humidity, temperature, soil density),> and the method of
extraction (chemical, mechanical, or biological). Addi-
tionally, the chemical treatment of natural fibers, such as
alkali and potassium permanganate, can alter their prop-
erties, resulting in advantages like lower water absorption,

Introduction

Talking about natural fibers, research is still ongoing, es-
pecially in composites and textiles fields, thanks to its many
and varied properties such as low density, non-toxicity,
biodegradation, regeneration, low cost, thermal and me-
chanical properties.'* These advantages have made natural
fibers compounds among the most efficient materials with
economic and environmental advantages. The quality of the
fibers has an effective role in the performance of composite
materials and are affected by the so-called extraction
technique (chemical, mechanical, biological).?

Natural fiber composites are now considered a top-
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performing, cost-effective, and eco-friendly material cate-
gory. The quality of the fibers used in these composites
plays a significant role in determining the final product
characteristics.* Researchers are continually assessing the
mechanical properties, thermal stability, and durability of
natural fiber composite materials. It is worth noting that the
service life and performance of these materials may vary
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increased surface roughness, higher thermal stability, and
improved crystallinity index, less amorphous content, and
increased crystallite size.”

As is known, natural fibers consist mainly of cellulose,
hemicellulose, and some non-cellulose components (lignin,
pectin and wax). Extraction techniques differ, but the goal is
the same, which is to produce fibers with high mechanical
properties by eliminating non-cellulosic components.* The
choice of extraction technique is mainly related to the plant
part where the fibers are found, as it may be found at the
stem level (Inula viscosa, Lygeum spartum, Atriplex hal-
imus),® Leaves (Hyphaene thebaica, Raffia textilis, Fur-
craea  foetida),? Roots (Cissus  quadrangularis,
Cyrtostachys renda)’ and fruits (Coconut, Cotton).”

These researchers characterize the lignocellulosic fibers
as a reinforcement in composite materials, such as Banana.®
Areca Catechu.” Abelmoschus esculentus.'"® Arundo Do-
nax"' and Grewia tilifolia.'?

In recent years, due to the increasing demand and need
for plant fibers, the amount of production did not cover the
needs. This prompted researchers to strive to find and in-
tegrate new natural fibers, such as Ficus religiosa,"> Date
Palm,'* Saharan aloe vera cactus.'” Vachellia farnesiana.'®
Albizia Lebbeck'” and Juncus effusus'® for use in com-
posites and textiles fields. Various plant species can be
found in abundance in the region of M’sila — Algeria. The
exploitation of new natural fibers from these plants, with
acceptable mechanical and physical performances, can help
increase the production of these materials, thus meet some
demands around the world.

This study presents a new type of cellulosic fiber, which
was extracted from the ES plant, called in Arabic “Chawki
El Djabali”, this type of plant spreads in abundance, es-
pecially in the hill and steppe regions in Msila Algeria. This
investigation mainly aims to evaluate the possibility of
using it as reinforcements in polymeric materials and textile
industries.

This study showed that the Echinops spinosissimus fibers
(ESFs) were extracted from the ES plant stems using an
environmentally friendly biological method (immersion in
fresh water).'® To the best of our knowledge, this study is
the first to explore, describe and characterize the Echinops
spinosissimus fibers. Anatomy and surface morphologies
were analyzed by using Binocular Motic Microscope
(BMM) and Scanning Electron Microscopy (SEM). In the
chemical analysis, the fibers samples were investigated with
attenuated total reflectance-Fourier Transform Infrared
spectroscopy (ATR-FTIR), X-ray diffraction (XRD) and the
Energy-Dispersive X-Ray Spectroscopy (EDX). The ther-
mal behavior was evaluated using thermogravimetric
analysis (TGA). The mechanical behavior of this new
cellulosic fiber was investigated using the single tensile tests
procedure described in ASTM D-3322-01 Standard test
method.'°

Materials and methods

Plant materials

Echinops spinosissimus (ES) plant was harvested in May
2022 from Hodna region of Msila in Algeria (35°44°30"N,
4°32°30"E) as indicated in Figure 1. It is constituted of
stems and can be recognized by its long cut leaves, with a
clear central vein and lateral veins which end in a long white
spine which grows to a height of 0.6 to 1 m. This plant
belongs to the category of Asterales from Asteraceae family,
genus: Echinops, Species: ES. The inflorescences form
spheres 6 to 8 cm in diameter, bristling with long thorns (in
fact bracts), hard, sharp and vulnerating which have earned
them the English names “Thistle-ball”. Between these
thorns are formed the flowers composed of five white petals,
welded in a tube at the bottom and nicely curved at the top.

Fibers extraction

The main purpose of extraction process is to produce
stronger and undamaged fibers through the elimination of
non-cellulosic components such as pectin, lignin and wax.
In this paper, an environmentally friendly biological tech-
nique (microbial degradation) has been adopted. Figure 2
illustrate the main followed steps. For more details con-
cerning this extraction. In the first time, leaves, dust and
other foreign matter were removed from the stem of ES
plant. After that, stems with diameter 815 mm were cut
into lengths almost 50—70 cm. The obtained ES stems were
washed with distilled water to remove the impurities and dirt
more than one time to ensure their cleanliness. The principle
of extraction consists of soaking ES stems, during 28 days
(at room temperature), in a barrel filled with water and
sodium bicarbonates (0.060%) to accelerate the bacterial
decomposition.”*° After completion of retting period, every
stem was crushed by a scraper so that only ES fibers re-
mained.” The obtained ESFs were washed several times
with distilled water to remove the deposits stuck on the
surface, to leave them drip later for 24 h. Finally, the fibers
have been dried in the oven at 70°C for 06 h with a view to
getting rid of moisture.' !

Chemical treatment

Two different chemical treatments were used in this in-
vestigation as shown in Table 1. The 3% alkaline and
0.033% permanganate, to improve the morphological and
mechanical properties of ESFs.

Alkdline treatment. ESFs were immersed in distilled water
with 3% sodium hydroxide solution (NaOH), for 3 h. The
fibers were washed several times with distilled water by
adding two drops of acetic acid (CH;COOH) to reach a
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Region of Msila

Figure |. Echinops spinosissimus (ES) plant collection area.
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Figure 2. Extraction process of ESFs from the plant.

Table I. Summary of chemical treatment techniques.

Treatment
Fiber NaOH KMnO, Designation
Raw Echinops spinosissimus fiber / / Resks
Alkali Echinops spinosissimus fiber 3% / AEsks
Permanganate Echinops spinosissimus fiber 3% 0.033% Pesks
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neutral pH. After rinsing and let it drip, the fibers were dried
for 8 h before being characterized.

Permanganate treatment. For the permanganate treatment,
ESFs pretreated with alkaline were soaked in 0.033% of
Potassium permanganate (KMnQO,) solution for 3 min.
These fibers were washed, neutralized and dried in the air
for 48 h, before making various characterization.

Characterization methods

Echinops spinosissimus stem anatomy

By means of cutter, thin cross-sectional slices (0.3 —
0.8 mm) were taken from the stem of ES plant. Immersed in
a methylene blue solution, and then cleaned with distilled
water. Finally placed on a microscope slide with a coverslip
to be examined using the OPTIKA optical microscope
equipped with a camera connected to the computer to take
pictures.

Physical properties

The density measurement for each one of the three types of
ESFs was carried out by using a pycnometer for solids
(50 mL), with immersion liquid known as the Ethanol
(pEtm =0.789 g/cm3 ). The measurements were carried out on
a balance with 0.00001 g sensitivity. The analysis was
performed at 28°C. Firstly, about 1 g of ESFs were cut into
lengths of 1-5 mm. Then, they were dried at 80°C until their
weight reached less than 95% of the initial weight in order to
reduce the moisture content. Given pgsrs, the density of
ESFs (g/cm’); prem, the density of ethanol (g/cm;); m', mass
of empty pycnometer (g); m> mass of pycnometer with
fibers (g); m*, mass of the pycnometer filled with ethanol;
m®*, mass of pycnometer with fibers and ethanol (g). The
apparent density of ESFs is given by the formula (1):

o ( my — m )
pESFs (m3 _ ml) o (WI4 o m2) pEth

In order to obtain an average value for the diameter of
each ESFs types, as supposed that the fiber has a cylindrical
shape. A weighing process was carried out for more than
30 single fibers with a length of 200 mm for each one to get
average ESFs mass using an analytical balance with a
resolution of 0.00001 g. Then, the fiber cross section is
calculated according to the following relationship (2):

0

M

S =
/ Pesrs X L

@

where S, the fiber cross-section area; M, fiber mass; L, fiber
length and ppgpg,, the fiber density. Finally, the diameters of
ESFs are given by the formula (3):

Desrs = \/4M/(PESFs xmxL) ®)

Fourier transform infrared spectrometry (ATR-FTIR)

The FTIR analysis was carried out for three types ESFs by using
an FTIR machine (Agilent Cary 630 FTIR Spectrometer,
Malaysia) with spectral resolution of 2 cm ™', and over wave
number, range of 4000-500 cm ™' was used. The purpose of
using ATR-FTIR analysis to distinguish the chemical compo-
sition and the changes in functional groups on the ESFs sur-
faces. The three types of ESFs were chopped and were ground
into powder form in order to get the samples for this testing.

X-ray diffraction

The crystallinity degree of cellulosic ESFs were tested by using
the XRD device (XRD, X’Pert Pro, EMPYREAN P Analytical,
Netherlands) Physics laboratory at Msila university- Algeria.
XRD testing is non-destructive and rapid testing. The tests were
carried out for the raw fiber, 3% alkaline and 0.033%
permanganate-treated ESFs. In this testing, by placing the ESFs
samples on the sample holder in the form of a powder, the XRD
device with a wavelength of 0.154 nm and a current of 30 mA
and voltage of 40 kV. The continuous scanning mode, 26 range
varying from 10° to 60° with a speed of 4.67/min and step size
0f 0.02° at 28°C room temperature. The phase identification was
accomplished by comparing the XRD signatures of the samples
with the database provided by the Joint Committee on Powered
Diffraction Standards (JCPDS). The crystallinity degree cal-
culations of these samples of cellulosic ESFs were performed by
the help of the data obtained from the XRD pattern. The
crystallinity index (CI) of the three types ESFs was determined

by Segal empirical technique displayed in equation (4):>*

Loor—
CI% = [002 ’m] x 100 4)

002

where, Iy represents the maximum intensity of the crys-
talline phase peak and 1, represents the amorphous phase’s
intensity in the cellulose present in the fiber.*?

Thermogravimetric analysis

The thermal stability and thermal decomposition of raw, 3%
alkaline and 0.033% permanganate-treated ESFs were
obtained by Using TGA thermogravimetric analysis ma-
chine model (NETZSCH STA 409 PC/PG) Analytics Re-
search Center Physico-Chemical “C.R.A.P.C” Laghouat -
Algeria. after adjusting the temperature range between
20 and 700°C at a heating rate of 10°C/min under Nitrogen
(N,) atmosphere condition with a flow rate of (25 mL/min).
A 30.613 mg sample mass of Rgggs, 31.072 mg sample mass
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of Agsrs and 32.971 mg sample mass of Pggps were used for
the test.

Fiber tensile testing

The tensile properties of ESFs were done according ASTM
D3322-01 Standard, and were performed by using a Zwick/
Roell tensile testing machine fitted with a 2.5 kN load cell.
Tensile tests of single fibers was carried out for fiber length
of 40 mm with crosshead speed of 2 mm/min. 30 specimens
from each fibers type were prepared and tested to obtain the
average values of tensile properties (Tensile strength,
young’s modulus and strain at failure). The tests are con-
ducted at an ambient temperature 28°C with a relative
humidity of about 68% + 2% in accordance with ASTM D
3822 standard.

Scanning electron microscopy

The surface and ESFs morphology were examined using a
thermo scientific Quattro Scanning Electron Microscopy
FEG-SEM (USA), combines all round performance in

Primary well

Secondary well

Lumen

Xylem

Vascular Bundle
Phloem

Figure 3. Microscopic image of ES stem transverse section.

Fiber Cell

imaging and analytics with a unique environmental mode
(ESEM), to study samples in their natural state. The
working distance was set between 3.1 and 13.4 mm, and the
acceleration voltage of 2.0 kV. The images were taken by IR
camera with two external signal inputs with image
processor.

Energy-dispersive X-ray spectroscopy analysis

In terms of weight and atomic percentage, the Energy
Dispersive X-ray Spectroscopy (EDX) was carried out to
examine the element quantity in the ESFs specimens.

Results and discussion

Echinops spinosissimus stem anatomy

Figure 3 shows a cross-section view of fresh ES stem.
Which consists of a relatively thin outer bark, below it
are the fiber bundles, followed by vascular bundles.
Distributed under the bark on a regular basis, but they
differ in size and number, and this is due to several

Epidermis
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internal and external factors, the most important of
which is the age of the plant (maturity), the nature of soil
and climate. This fiber bundles consist of a large number
of fibers cells linked to each other by elements called
lignin and hemicellulose together. We find that each
fibers cell consists of a primary cell wall consisting of
cellulose, followed by a secondary cell wall consisting
of lignin, and in the middle, there are cells porosities or
the so-called lumen, which help transport nutrients and
other elements to various tissues with aqueous fluids. As
for the vascular bundles, they consist mainly of xylem
and phloem, exactly as mentioned in previous works
report the anatomical investigations on natural fibers by
several researchers such as Centaurea melitensis,*
Malva sylvestris L.*° and Centaurea hyalolepis.*®

Physical properties

The density of natural cellulosic fibers is one of the
criteria that focus on. Whenever the density of these
fibers is lower, the composite materials reinforced with
these fibers become lighter. This is what researchers seek
to find, in contrast to the composite materials reinforced
with synthetic fibers such as glass and carbon fibers,
which are relatively heavy. In our research paper, using
the ethanol pycnometer technique, the values of the
densities of Rggps, Agsrs and Pegpg are 0.80 +£0.06 g/cm3,
0.93 £ 0.03 g/cm® and 0.97 £ 0.01 g/cm>" respectively,
those comparable with other fiber densities reported in
previously article. Where an increase of ESFs density
was observed. This is due to the fullness of pores and
voids in the fibers surface, thanks to the chemical
treatment. This values are situated in the (0.70 — 1.20 g/
cm®) range values of some natural cellulosic fibers
densities (Albizia lebbeck, Sansevieria cylindrica and
Rhectophyllum camerunense). The difference existing
between the densities of natural cellulosic fibers is due to
some parameters namely climatic conditions, nature of
soil, maturity rate and extraction process. Thus, ESFs
could be one of the candidate fibers for reinforcing
lightweight materials.

As for speaking about diameters of Rggps, Agsps and
Pgsps were calculated as 336.52 pum, 305.34 pum and
280.76 um, respectively. This is evidence of changes in
ESFs diameters after chemical treatment of both types
(Alkaline and Permanganate treatment), which led to the
removal of lignin, pectin, wax and other impurities attached
to the fibers surface. Where it was concluded that chemical
treatment of cellulosic fibers improved their properties and
developed its performance. This is consistent with the re-
sults of previous work.?’

Fourier transform infrared spectrometry analysis
(ATR-FTIR)

In this research section, several functional groups ex-
isting in ESFs with her three types are detected using
FTIR analysis. FTIR spectra of Rggrs, Agsrs and Pgsps
are described in Figure 4. A large absorption band,
observed around 3340 c¢cm ™', is attributed to the hy-
droxyl group (-OH).* Both peaks at 2921 c¢cm™' and
2862 cm ™! are associated to (CH2) groups of cellulose
and hemicellulose.'' The bands peaking at 1732 cm ™"
correspond to hemicellulose carbonyl ester group C =0
bond stretching. The wavenumber at 1592 cm™' cor-
responds to the carbonyl groups (C = O) of lignin and
hemicellulose,”®? while band at 1512 cm ™! indicates
(C = C) groups of lignin.'® The peak around 1457 cm ™"
corresponds to the (CH,) groups of cellulose. Then, the
presence of peak around 1371 cm™' is associated to
(C-H) groups of cellulose.”® The peak around
1325 ¢cm™' corresponds to the (C-H) groups of lig-
nin.’The peak localized at 1237 cm ™' indicates (-COO)
groups of hemicellulose. In addition, at 1158 cm™ ' we
found the (C-O-C) groups of cellulose and
hemicellulose.'®*' The wave number around
1024 cm™! corresponds to the (C-O) groups of cellu-
lose. Furthermore, the presence of a peak around
898 cm ' is associated to (C-O) groups which are re-
lated to the B-glycosidic linkages.'® Based on the above
analysis, ATR-FTIR results have proved the existence
of the main components (cellulose, hemicellulose, and
lignin) in ESFs. Where the fibers FTIR spectra confirm
the compositional changes in Aggps and Prgps. The peak
at 1732 cm ™' was observed for Rgsps spectrum, which
correspond to hemicelluloses, disappeared for Aggps
and Pggrg spectrum. This result could be explained by
the elimination of the residual hemicellulosic compo-
nents after the Alkali and Permanganate treatments. In
addition, much hemicellulose and others non-cellulosic
components have been removed following NaOH and
KMnOy, treatment. This has been observed previously
with sugar palm fiber.**>* The peak at 1237 cm™'
represents a significant decrease in the transmittance
ratio of hemicelluloses. Finally, the peak at 1024 cm ™'
represents an increment in the transmittance ratio of
celluloses. It is to demonstrate that the increasing of
celluloses and the removal of hemicelluloses and lignin
from the two types of treated ESFs supports the results
of the chemical analysis.?’*> As a result, band positions
differ between investigations.’**® Peak wave numbers
in the FTIR spectrum and chemical composition stretch
assignment of ESFs are summarized in Table 2.
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Figure 4. FTIR spectra of RESFS’ AESFS and PESFS'
Table 2. Identification of peaks ATR-FTIR spectra of the ESFs.
Wave numbers (cm™') Vibrations mode(s) Source(s) References

3340 O—H stretching

2862-2921 C—H stretching

1732 C = O stretching

1592 H-O-H bending of absorbed water
1457-1512 H-C-H bending of absorbed water
1325-1371 C—H stretching

1237 -COO stretching

1158 C-O bridge stretching

1024 C-O-C bridge stretching

898 p-glycosidic linkage

|
36
29

Cellulose, hemicelluloses
Cellulose, hemicelluloses
Hemicelluloses, lignin and extractives

Water 36
33

Cellulose

Lignin compounds
Hemicelluloses

Cellulose

Cellulose, hemicelluloses

34
35
31

. 31
Cellulose, hemicelluloses

X-ray diffraction analysis

The XRD analysis revealed the crystallinity and structural
characteristic of the ESFs before and after chemical
treatments. Figure 5 illustrates the XRD pattern of the three
types of ESFs and the corresponding planes involved. It
was shown that each specimen showed two peaks and one
amorphous plane Lun.>” For Rggps, the first peak demon-
strated at 20 = 16.55° represents the overlapped peak (110)
which is peak of hemicellulose,*® while for the second-
high intensity peak demonstrated at 20 = 22.04° represents

the main peak (200) of cellulose'** which is crystalline
peak. Then, as for Aggps, the first peak demonstrated at
20 =16.32° represents the overlapped peak (110), while for
the second-high intensity peak demonstrated at 20 =
22.19° represents the main peak (200) of cellulose which is
crystalline peak. Finally, for Pggps, the first peak dem-
onstrated at 260 = 16.84° represents the overlapped peak
(110), while for the second-high intensity peak demon-
strated at 20 = 22.17° represents the main peak (200) of
cellulose which is crystalline peak. The I,, values of
Rgsrs, Agsps and Pggps taken at the minimum in the
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Figure 5. XRD pattern of Resgs, Agses and Peses.

intensity at about 17.67°, 18.11° and 17.69°,
respectively.’ ™!

The value of crystallinity index (CI) was higher for Aggr;
at 63.28% followed by Prgrs at 59.29% then Rggps at
54.64%. It was shown that fibers chemically treated with
Alkaline and Permanganate were improved compared to
raw fibers.** ** The higher index is attributed to removal of
amorphous components and non-cellulosic materials,'
improved hydrogen bond network, improved packing of
cellulose chains, rearrangement of crystalline regions and
loss of hydrophilic character.>*>*¢ This result agreed with
SEM morphology, where the impurities of fiber were re-
moved with chemical treatment.

The CI of ESFs with her three types is higher than that of
Juncus effusus L, Grewia tilifolia, Pongamia Pinnata and
Saharan Aloe vera cactus leaves, respectively 33.4%,'®

41.70%,'> 45.31%* and 52.6%.'°

Thermogravimetric analysis

Figure 6(a), shows TG/DTG curves of Rgggs with two
weight loss steps are observed. The initial weight loss
(6.07%) was observed between 29°C and 166°C, which
represent the evaporation of water.**>° The second
weight loss (89.97%) was seen between 190°C and
403°C with maximum decomposition rate at 310°C. This
loss rate corresponds to the decomposition of cellulose I

and o-cellulose.'' After that, the weight loss was pursued
until 700°C with a loss rate of about 97.60%. Figure 6(b)
represents TG/DTG curves of Agsrs show two weight
loss steps. The initial weight loss (6.52%) was similar to
the Rgsgs between 30°C and 173°C. And also represents
the evaporation of water.*® The second weight loss (81%)
was observed between 203°C and 365°C with maximum
decomposition rate at 295°C. This loss rate corresponds
to the degradation of cellulosic components.”' After that,
the weight loss was pursued until 700°C with a loss rate
of about 96.37%. Then, Figure 6(c) shows TG/DTG
curves of Pggps with two weight loss steps are observed.
The initial weight loss (4.72%) between 39°C and 183°C.
And also represents the evaporation of water.**>> The
second weight loss (81%) was observed between 208°C
and 380°C with maximum decomposition rate at 287°C.
This loss rate corresponds to the degradation of cellu-
losic components.’’ After that, the weight loss was
pursued until 700°C with a loss rate of about 94.30%.
According to the thermal analysis, it was shown that the
maximum decomposition temperature of the chemically treated
fibers were higher than the maximum decomposition temper-
ature of the raw fibers. Onset degradation temperature of Rggps,
Agsrs and Pggg were obtained to be 190°C, 203°C and 208°C,
respectively. It was clearly showed that chemical treatment led
to increase the onset degradation temperature of fibers by de-
creasing the relative content of hemicellulose.**>*
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Figure 6. Thermogravimetric curves (TG and DTG) of: (a) Reses,
(b) Agss and (c) Pesrs.

Tensile test of the Echinops spinosissimus fibers

The mechanical properties study of natural fiber re-
inforced polymer composites or for textile is important
to understand their potential for various structural ap-
plications and play a critical role in deciding the use of

(a)

250
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Tensile Strength [MPa]

R
ESFs Agsr ESFs

Young’s modulus (GPa)

R
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>
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Figure 7. Mechanical properties of Reses, Agses and Pesgs: (a)
Tensile strength, (b) Young’s modulus and (c) strain at failure.

natural fibers. Figure 7(a) compares the tensile strength
of the three types of ESFs specimens with length of
40 mm. As shown in this Figure, the tensile strength
trend was increasing for Aggps and Pggps compared to
Rgsrs for all tested samples with values of 188.16 +
36.28 MPa, 217.54 £54.16 MPa and 87.09 + 9.41 MPa,
respectively. The increased tensile strength of chemi-
cally treated ESFs due to elimination of impurities from
the ESFs surface and increasing ratio of cellulose.””
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Figure 8. SEM micrographs of Resgs: (a) & (b) longitudinal section and (c) & (d) cross-section.

Previous research shows the values of tensile strength
from plants fiber was approximate with ESFs such as
Lygeum Spartum (64-280 MPa),* Hyphaene thebaica
(215.98-593.35 MPa).? Note that ES tensile strength is
less than Vakka (549 Mpa)*° and Centaurea Melitensis
(336.87 MPa),?* and is higher than that of Stippa te-
nacissima (134264  Mpa),” Inula  viscosa
(196.99 Mpa)® and Kigelia africana (50-73 Mpa).”*
Figure 7(b), represents the main values of Young
modulus of Rggrs, Agsrs and Pggrs, which were 8.63 +
1.12 GPa, 15.68 + 0.87 GPa and 19.23 £ 0.76 GPa,
respectively. The tensile modulus of Agggs and Pggps
were higher than of Rggps for all tested samples. The
values were quite approaching to other plant fiber such
as Banana (8-20 GPa)® and sisal (6.7-21.7 GPa).>® The
brittle nature of the material causes rapid collapse of the
fibers due to the main components such as lignin, wax
and hemicellulose.?* However, after treating the ESF
chemically (alkaline and permanganate treatment), the
mechanical properties were improved significantly and
the values of Young’s modulus of elasticity increased.

This is due to the fiber performance, which is mainly
summed up by elimination of non-cellulosic compo-
nents. Figure 7(c), shows the strain rate of three types of
ESFs, the strain rate of Rggps, Agrsps and Prgps were
1.82 + 0.28%, 3.26 + 0.17% and 3.78 + 0.36%, re-
spectively, directly affects the micro fibrillation angle
of the ESFs. This finding agrees with the above dis-
cussion that Alkaline and Permanganate treatment in-
creases the values of Young’s modulus and tensile
strength.’”>® The mechanical tests results confirmed
that ESFs could be used as reinforcement of polymers.
A comparison of physical and mechanical properties of
ESFs with recent similar works in this area are given in
Table 3.

Scanning electron microscopy analysis

Scanning electron microscopy analysis of Rgsr. Longitudinal
and cross-sectional view of Rggps are shows in
Figure 8(a—d). The longitudinal view of the fiber in
Figure 8(a) shows a non-degraded fiber with a rather
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Figure 9. SEM micrographs of Agss: (a) & (b) longitudinal section and (c) & (d) cross-section.

rough surface, where it can be clearly seen that the fiber
bundles contain a large number of fiber cells with ir-
regularity in diameter are aligned parallel to a single axis
and bounded together by lignin, wax and hemicellulose.
Further magnification in Figure 8(b), shows the presence
of impurities and a number of spherical protrusions that
provides good bonding with the polymer matrix>’ as
mentioned in previous works on natural fibers such as
Lygeum Spartum L.* and Vachellia farnesiana.'® The
cross-sectional view shown in Figure 8(c) reveals bun-
dles of micro fibrils bounded together by non-cellulosic
compounds. These micro fibrils have a rough surface like
demonstrated in this Figure, where almost all fibrils have
minimum angle deviation with fiber axis, which supports
the angle of the microfibers, and cause a different
fracture plane as shown in this Figure. Where
Figure 8(d), represents a zoom magnification shows a
group of porous cells and many cavities of different
shapes and sizes (circular, triangular, irregular ...). These
cavities called lumen affect the diameter of the fibers
cells, which directly affects the mechanical properties of
the fibers.

Scanning electron microscopy analysis of Ags.. The SEM mi-
crographs in Figure 9(a)-(d), show the morphology of
Alkali treated ESFs. Figure 9(a), shows a general longi-
tudinal view of Aggps reveals a large number of fibers cells
aligned and bounded together by lignin and hemicellulose.
It can be clearly seen that surface of Agsps become very
rough surface suitable for a good bond with polymer matrix
compared to raw fiber.”’ Figure 9(b), is the zoom of
Figure 9(a), It can be note that there is no presence of
impurities such as wax and grease thanks to the treatment by
3% alkaline. Figure 9(c), represent a cross section micro-
graph of Aggrs and show different fracture planes.
Figure 9(d), is the zoom of Figure 9(c), where it can be
clearly seen a change in the shapes of fiber bundles due to
the filling up of the lumen (pores and voids) as a result of the
treatment. Where chemical treatment by 3% alkaline affects
the components ratios of these fiber cells parts (cellulose,
hemicellulose and lignin). As previously mentioned in
density measurement, (FTIR) and (XRD) analysis, the
percentage of cellulose increased, and this is what is proven,
these cylindrical shape of fiber cells positively affect the
mechanical properties of ESFs to make it perform much
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Figure 10. SEM micrographs of Pgses: (2) & (b) longitudinal section and (c) & (d) cross-section.

better by increasing Young’s modulus and tensile strength.
This result is consistent with previous discussions, same
observations are reported in other works such as Strelitzia
reginae.36

Scanning electron microscopy analysis analysis of Pgsgs. The
SEM micrographs in Figure 10(a)—(d), illustrate the
morphology of Permanganate treated ESFs. Figure 10(a),
gives a general longitudinal view of Pggp,, with aligned
fiber cell. Figure 10(b), is the zoom of Figure 10(a), it can
be clearly seen that these fibers have a very rough surface
suitable for a good bond with matrix polymer compared
to raw fiber.’® It can also be noted that apparently, there is
no presence of impurities such as wax and grease, this is
basically due to both processes (pretreatment by 3%
Alkaline and treatment by 0.033% Permanganate).
Figure 10(c), represent a cross section micrograph of
Pgsrs. Figure 10(d), is the zoom of Figure 10(c), where it
can be clearly seen a change in the shapes of fiber
bundles to become cylindrical, called microfibril due to
the filling up of the lumen (pores and voids) on Rggs
surfaces as a result of the treatment and show different

fracture planes for almost of fiber cells. The chemical
treatment by 0.033% Permanganate effect on the fiber
components ratios (cellulose, hemicellulose and lignin)
seem to be close to that of treatment by 3% alkaline.
Where the percentage of cellulose increased, as previ-
ously proven in density measurement, and mentioned in
(FTIR) and (XRD) analysis, these cylindrical shape of
fiber cells positively affect the mechanical properties of
the fibers to make it perform much better by increasing
the tensile strength and Young’s modulus. This result is
in accordance with other reported works.>

Energy-dispersive X-ray spectroscopy analysis

Figure 11(a—c) reveal the presence of various elements
and their distribution in the Rggps, Agpsps and Pggrs,
respectively. The presence of Carbon (C), Oxygen (O),
Calcium (Ca), Manganese (Mn), Arsenic (As), Neon
(Ne), Sodium (Na), Magnesium (Mg) and Silicon (Si) is
clearly observed in the distributions. In other words,
studying the Energy-Dispersive X-Ray Spectroscopy can
give a better understanding of the elements composition
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Table 4. Weight and atomic percentages of each element of the three type of ESFs and various other fibers.

Fibers Resks Acgsrs Peses Ficus religiosa root™°
Elements Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
C 45.93 54.94 55.88 63.36 70.36 76.10 67.48 75.5
(@) 48.75 43.76 41.88 35.65 29.17 23.68 25.32 21.27
Ne — — 0.28 0.19 — —

Na — — 0.44 0.26 0.31 0.17 271 1.58
Mg — — 0.21 0.12 — — — —

Si — — 0.24 0.12 — — — —
Ca 1.35 0.48 0.49 0.17 0.16 0.05 — —

Mn 0.8l 0.21 0.58 0.14 0.00 0.00 — —

As 3.16 0.6l — — — — —

@] — — — — — 3.1 1.18
K — — — — — 1.37 0.47




Zernadji et al.

4517

of natural fibers for their subsequent use as a reinforcing
element, especially in thermoplastic-matrix composites.

The weight and atomic percentages of each element of
ESFs with her three types along with other fibers are shown
in Table 4. The weight percentage of C and O is more than
the other elements present in the EDX analysis, also the
atomic percentage of C and O is more than the other ele-
ments in the EDX analysis, as usually seen in most cel-
lulosic fibers such as Ficus religiosa root.”

Conclusion

This study presents the extraction process and character-
ization of new cellulosic fibers from ES plant stem to
evaluate their potential use in textiles and as reinforcement
in composite products. The morphological, physical,
chemical, thermal and mechanical analysis were discussed
in detail and the results were reported in this work were
drawn:

® Stem anatomical structure showed that ES plant is
rich in cellulosic fibers, fiber cells linked into bundles
by middle lamellae, and so the vascular bundles are
composed mainly of xylem and phloem tubes.

® FTIR analysis confirmed that ESFs contain cellulose
and have water absorption capacity, as the percentage
of cellulose increased after treatment and the fibers
became hydrophobic.

® ESFs treated with Alkaline and Permanganate solu-
tion eliminated lignin and hemicellulose, increased
the crystallinity index to reach value 59.29%—-63.28%
and the thermal stability, making the ESFs usable as
the reinforcing component of a composite material
processed at temperatures up to 208°C.

e EDX analysis showed that the most ESFs weight
percentage components represents C and O which is
cellulose.

e ESFs are characterized by low density (0.80— 0.97 g/
cm’) compared to synthetic ones, and relatively small
diameters (280.76-336.52 pm) compared to other fibers,
making it suitable as reinforcement for composite ma-
terials used in light-weight applications.

e Tensile strength reached 217.54 + 54.16 MPa for
single fiber obtained from treated ESFs with KMnOQy,,
the Young’s modulus was 19.23 +0.76 GPa, while the
strain at break of Pggrs was 3.78 £ 0.36%.

® The SEM micrographs show that NaOH and KMnO,
treatment yielded rough-surfaced fibers and filled
lumen of fiber bundles to become cylindrical
microfibril.

Through the obtained results, the ESFs possess many
good characteristics qualify this new fiber as potential

cellulosic fibers source, and as a good candidate for textile
and composite applications.
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