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A B S T R A C T

The circular economy (CE) proposes a closed‐loop supply chain‐based production system and reduces the eco-
logical systems' negative impacts. CE proposes a paradigm shift from a linear economy to a circular economy
with the principles of 3Rs: reduce, reuse, and recycle. CE applications can be a viable option for the sustainable
production of polymeric composite materials by decreasing the cost and improving product lifetimes and
mechanical performance. This paper explores Khalasa date palm leaf fiber (KDPLF) as a reinforcement for poly-
meric composite materials. To this end, it is essential to examine their morphology, material properties, chem-
ical composition, and water uptake. The investigated fiber was obtained from the Qatar University farm. The
morphology examination was carried out using scanning electron microscopy. Thermogravimetric analysis has
been used to examine the thermal stability of KDPLF. Morphological examination indicates that the lumen size
for Khalasa is 32.8 ± 15.9 µm. The SEM morphology of the KDPLF cross‐section showed high hemicellulose
content. Tensile properties revealed that Khalasa fiber had tensile strength/tensile modulus of 47.99
± 13.58 MPa and 2.1 ± 0.40 GPa, respectively. The results are also demonstrated that high variation in the
mechanical properties and morphology was showed in KDPLF. Water uptake has significant effects on the prop-
erties of KDPLF/epoxy composite. Accordingly, as the moisture absorption of KDPLF/epoxy increases, its
strength and stiffness decrease. As the moisture absorption of KDPLF/epoxy increases, its toughness increases.
1. Introduction

Global demand for resources is projected to double by 2050, and
only 6% of materials are recycled globally [1]. The concept of a circu-
lar economy has become very popular since the world is expected to
have inevitable supply shocks for scarce minerals and rare metals.
Today, most of the countries aim to shift from a 'linear economy' to a
'circular economy' in which a closed‐loop supply chain system will help
the producers to become more resilient to the supply shocks, get ben-
efit from the wasted materials, and reduce the environmental impacts
related to the extraction of virgin raw materials [2]. The circular econ-
omy is based on the 3Rs: reduce, reuse, and recycle and proposes a
closed‐loop supply chain network. It significantly reduces the ecologi-
cal systems' negative impacts by recirculating the products within the
ecological system with the so‐called 'cradle‐to‐cradle' thinking [3,4].
In response to a change of paradigm from a linear to a circular
economy, which proposes the take‐make‐reuse type of system, several
studies addressed the environmental benefits of circular business mod-
els. They also discussed its relevance with Sustainable Development
Goals of the United Nations [5]. At a systemic level, circular economy
applications will impact micro, meso, and macro systems and trans-
form the regional, national, and global supply chains of production
systems and reduce their overall environmental footprints globally.
Furthermore, moving from a 'take‐make‐waste' type of economy to
'take‐make‐recover' eventually maintain, protect, transform, and
strengthen the environment and will help reduce human health
impacts through resource efficiency and improve human well‐being
through socio‐economic benefits such as job creation, innovation in
product design [6], and empowering the national economy with
reduced dependencies to raw materials of other nations [7].
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Plant‐based materials play a pivotal role in the transition to a circu-
lar economy. A circular economy approach can be a viable option for
the sustainable production of polymeric composite materials by reduc-
ing their overall plastic content and increasing the product life cycles
[8]. Today, agricultural production produces a massive amount of
organic waste, which can undoubtedly play a transformative role in
the circular economy for composite polymeric material production
and foster recycled organic waste by minimizing waste being
landfilled.

In the automotive application use of synthetic fibers, reinforced
polymeric composites have dominated the energy absorber device
[9–13]. The keen interest in using plant fibers as reinforcing materials
seems to be a sustainable source to substitute synthetic fibers rein-
forced polymer composites [14]. Those fibers can produce competitive
composites, enhance tensile and flexural resistance, and reduce costs
and environmental pollution, among other advantages [15]. Many
researchers have evaluated those fibers (such as hemp, jute, and
albaca.) on their mechanical performance, relating it to morphology,
composition, or water absorption [16]. Many ways have been designed
to reduce such materials' hindrance and moisture absorption [17], usu-
ally changing surface roughness, polysaccharides content, or chemical
groups. Therefore, it is crucial to know their physicochemical proper-
ties and mechanical behavior to determine the better way to use them
as reinforcement [18].

Among the worldwide investigated fibers as reinforcement for com-
posites is the date palm fiber. The date palm (Phoenix dactylifera) rep-
resents an essential source for economic and social life in Middle East
countries. There are hundreds of date palm types used in almost all
fields [19]. The palm produces natural fibers [20] used as promising
materials for thermal and acoustic insulation. Some of the date palm
fibers are used as an absorbent of different oils [21]. There are studies
about the sugar composition of leaflets of date palm [22], the use of
date palm stem fiber as reinforcement after alkali and acid treatment
[18], the thermophysical and dielectric properties of the wood [19],
the wood powder reinforcing a composite based on low‐density poly-
ethylene [23], the evaluation of the water uptake on the tensile behav-
ior of natural fiber composites [16], and recently the structural and
mechanical analysis of waste leaf sheath date palm fibers [24]. How-
ever, no reference was found in the literature related to the lumen
(central void) dimensions of leaflets and their mechanical properties.
This knowledge is required in order to promote the use of this waste
material. The porosity and lumen size were important parameters that
influenced natural fiber mechanical properties [18].

Natural fibers with small diameters improve the mechanical prop-
erties than larger ones [25,26]. The main mechanical properties of
fiber reinforcement are specific strength and specific stiffness in the
axial and transverse directions. In the axial direction, the reinforce-
ment carries most of the load of the composite. The reinforcement is
dominated by lumen size, microfibril angle, and cellulose content
[27]. This high variability in tensile properties can be attributed to
many reasons. According to Bodros [28], irregular cell, geometry,
and fiber cross‐sectional area are vital factors behind the variability
in tensile properties. It is also well‐known that natural plant fibers
have a differing lumen, and only the cell‐wall stands the tensile stress.
It is interesting to note that fiber's diameter and lumen size are affected
by each other. Shing‐Chung Wong [29] stated that fibers with a large
diameter result in a more considerable variation in the calculation of
tensile properties. It is also found that along the fiber length, the
cross‐section shape is not regular. Therefore, the assumption of a uni-
form cross‐section is significantly behind the significant variation of
the tensile properties. Morphological examination showed that the
fiber cells' age affects the cell's lumen size, which affects the uniformity
of tensile properties.

On the other hand, the fiber's stiffness is significantly affected by
the microfibril angle (MFA), and as the MFA increases, Young's moduli
decrease [30,31]. V. Fiore [32] introduced Arundo donax L. fibers as a
2

new candidate fiber‐reinforced polymeric matrix. They investigated
the mechanical properties and morphological of Arundo donax L.
fibers. They used a mathematical formulation to study the effect of
the fiber geometrical dimension on the mechanical properties. As part
of a global trend concerning natural fibers' study, in this study, we
used Khalasa date palm from Qatar, a country with abundant palm
trees. After the extraction, treatment of Khalasa date palm fibers, the
tensile properties were characterized, the tubular vessel dimensions
were calculated, and the water absorption was measured.
2. Materials and methods

2.1. Materials

The Qatari Khalasa Date Palm Leaflet Fiber (KDPLF) is collected
from Qatar University. Fig. 1a, 1b, and 1c show the green date palm,
dried date palm leaflet, and continuous date palm leaflet fibers. The
KDPLF bundles were extracted from stems and well‐kept in plastic.
All collected samples were immersed in water for washing, shredded
into fiber bundles, and dried at room temperature (27 °C). Then, long
fibers extracted using a carefully designed needle brush. The chemical
composition of raw date palm fiber (KDPLF) is affected by its origin
and agricultural parameters. For Khalasa, cellulose represents
47.14% of its weight, amount of lignin (36.73%), and hemicellulose
(16.13%). It is essential to know the fibers' density to predict the
mechanical properties of the fiber‐reinforced composite. Accordingly,
Khalasa fibers density was measured for five samples by a densitome-
ter and found to be 1.233 g/cm3.

Epoxy resin A‐B was purchased from Yestar Conductive Material
Co., Ltd (A: resin, B: hardener). Five parts by weight of epoxide resin
mixed with 1 part by weight of hardener. Based on the manufacturer's
recommendation, the density of A = 1.12 ± 0.1 g/cm3, B = 0.8
± 0.1 g/cm3, Young's modulus of 3.35 GPa, and Poisson's ratio of
0.35.

2.2. Methods

The scanning electron microscopy (SEM) was used to examine the
fiber morphology. The morphology examination process was carried
out using a Nova Nano SEM 450 FEI, in which each fiber was prepared
by cutting them to a height of 10 mm, coated with gold. As stated ear-
lier, natural plant fibers exhibited variation in dimensions along their
longitudinal direction. The examined fibers show irregular shapes and
non‐uniform cross‐sections.

The KPDLF cellulose content was computed by utilizing the density
method [33]. The density method determines the cellulose content of
KPDLF by evaluating an apparent and the real density with the pyc-
nometer helium technique and the Archimedes process using benzene
with a density of 0.875 g/cm3, respectively. However, for measuring
the bulk density of KPDLF, benzene was used as a nonpolar solvent.
Samples of KPDLF were first weighed in the atmosphere, and again
dipped in benzene, and reweighted. To determine the KPDLF apparent
density (ρA), one can utilize the following equation:

ρKPDLF ¼
ρb �Wfa

Wfa �Wfb
ð1Þ

Where
ρb is the benzene density;
Wfa and Wfb are the fibers weights in air and benzene, respectively.
The KPDLF's heat capacity was recorded using Differential scanning

calorimetry (DSC 8500:Perkin Elmer thermogravimetric analyzer) at a
heating rate of 10°/min at the nitrogen media from room temperature
up to 700 °C. The average of the five samples was recorded. The inves-
tigation of the effect of the moisture content on KDPLF and KDPLF/
epoxy properties has been carried out; ten samples for each time inter-
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Fig. 1. (a) Green date palm (b) Dried date palm leaflet (c) Continuous Date palm leaflet fibers.

Fig. 2b. (a) Rectangular KPDLF/epoxy , (b) Experimental setup (c) Fractured
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val were immersed in water. KDPLF's moisture content has been ana-
lyzed using Fick's diffusion. Accordingly, all KDPLF/epoxy specimens
were dried in a furnace at 50 °C and cool to room temperature. The
drying process was repeated until the readings of the specimen's mass
have converged. Water uptake was examined by immersing the
KDPLF/Epoxy samples in a water tank at 23 °C for a different period
of intervals. Then, the immersed specimens were taken out and dried
with a cloth. The specimens' weights were measured within 1 min of
their removal from water. The immersion time intervals were 2, 4,
6, 12, 24, and 48 up to 72 h. A universal testing machine (INSTRON
5943, Northeastern University, USA) was used to determine the tensile
properties of the KDPLF, according to D3822/D3822M [34] with a
load‐carrying capacity of 1 kN. Fibers were measured in‐depth and
width at least at ten different points along their length, and an average
cross‐section was calculated for each sample. A pair of custom‐
designed grips (Fig 2aia) was manufactured to perform tensile tests
on the fibers. These grips were printed on a 3D printer machine (Eden
260 V, Stratasys Ltd., Eden Prairie, MN, USA) with Acrylonitrile Buta-
diene Styrene (ABS). Fig 2bib shows the grips and alignment to ensure
accurate, repeatable results. The machine cross‐head speed of 1.5 mm/
min was used for the tensile test. Five specimens were tested for each
variety. A compression molding machine was used to produce KDPLF/
Epoxy composite specimens for tensile test. Specimens were prepared
Fig. 2a. Tensile test setup: (a) Costume ABS designed grips, (b) Experimental
setup.

Speciemn.
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per D3039/D3039M [35] rectangular shape specimens, as shown in
Fig. 1b. Accordingly, five specimens with a constant rectangular
cross‐section were tested at a machine cross‐head speed of 2 mm/min-
ute. The gauge length of the specimens was 60 mm, and the thickness
was 2 mm.

3. Results and discussion

3.1. Physical and chemical properties

The Khalasa date palm fibers' real density (ρr) is determined using a
gas pycnometer found to be 1.233 g/cm3. On the other hand, the Kha-
lasa date palm fibers' bulk density is measured using the density
method and determined to be 0.893 g/cm3. On the other hand, the
obtained value of the Khalasa date palm fibers' cellulose content was
computed using Eq. (1), which is equal to 43.59%. The contents of cel-
lulose, hemicellulose, lignin (ASTM D1106–96), and ash (ASTM
E1755–01) in Khalasa date palm fibers have been determined using
methods that were suggested by Saura‐Calixto [36]. Table 1, one can
note that the lignin content of Khalasa fiber is the second highest after
the coir fiber, while its hemicellulose content is also the second‐
highest after Arundo fiber. Furthermore, the cellulose content of Kha-
lasa fibers is in the medium range compared to the other fibers.



Table 1
Properties and Composition of Khalasa fibers and some natural fibers from literature.

Fiber Type Cellulose Hemi-cellulose Lignin Ash Tonset Density Max Strength Elongation at Break Tensile Modulus
%wt %wt %wt %wt ◦C g/cm3 MPa % GPa

Khalasa 47.14 16.13 34.77 1.96 341 1.233 47.99 1.89 2.10
Coir 43.00 0.30 45.00 – – 1.200 175 5.0 30.00
Cotton 85–90 5.70 – – – 1.550 287–597 5.50–12.60 7.00–8.00
Arundo 43.20 20.50 17.20 1.90 275 1.168 248 9.40 3.24
Ferula 53.30 8.50 1.40 7.00 200 1.240 475 52.70 4.20

E. Mahdi et al. Composite Structures 265 (2021) 113501
3.2. Thermal analysis

The thermogravimetric analysis (TGA) of khalasa date palm fiber is
shown in Fig. 3. It is quite clear that decomposition temperatures of
KPDLF were found to have excellent thermal stability at 341 °C. The
relationship between the temperature and weight loss curve can be
divided into four stages. The first stage is from 40 to 120 °C, is associ-
ated with an insignificant loss in weight. The thermogravimetric anal-
ysis (TGA) of khalasa date palm fiber is shown in Fig. 3. It is quite clear
that decomposition temperatures of KPDLF were found to have excel-
lent thermal stability at 341 °C. The relationship between the temper-
ature and weight loss curve can be divided into four stages. The first
stage is associated with an insignificant loss in weight attributed to
the evaporation process. The second stage is between 120 °C and
Fig. 3. TG curve of KPDFL Fibers.

Fig. 4a. SEM micrographs of Khalasa date palm fiber: (i) leaflet
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325 °C, where the cellulosic substances are degraded. On the other
hand, the degradation process of noncellulosic components occurred
during the third stage at the temperature (325 °C–450 °C). In the
fourth stage, an insignificant weight loss was observed.

3.3. Morphology characterization

The surface morphology of the date palm fiber was analyzed using
SEM. The SEM micrographs of KDPLF and KDPLF/epoxy are shown in
Figs. 4, 5, 8–10. Fig. 5 shows the cell wall's microstructures in dry con-
ditions and the cell wall biodegradation due to 48 h of underwater
absorption for KDPLF continuous tubular vessel morphology. Based
on the fact that the lumen size influences the water uptake, and thus,
the moisture content [37,38], larger lumen structures made the fiber
uptake more water. KDPLF, the same as natural fibers derived from
plants, consists mainly of cellulose fibrils embedded in the lignin
matrix. It is also clear that KDPLF itself is a layered composite structure
composed of three cell walls with different thickness (see Fig 4ai). As
stated in the literature, the mechanical properties of KDPLF are
affected by the morphology of the secondary cell walls, in which the
thick middle layer is located. The thick middle layer is composed of
cellulosic molecules (i.e., hemicelluloses and lignin). As mentioned
earlier, the KPDLF is composite, where the lignin‐hemicelluloses play
the matrix role, while the microfibrils play the role of the reinforce-
ment. The structural components in KDPLF were found to be similar
to many natural plant fibers are cellulose, hemicellulose, pectin, lignin,
and wax. Fig 4bi and 4bii show the SEM micrographs of Khalasa date
palm fiber/epoxy and tensile test specimen, respectively. The KDPLF
cellulosic contents are observed to be composed of crystalline
microfibrils, longitudinally aligned along the fiber axis, as shown in
Fig 4ai.
morphology and (ii) continuous tubular vessel dimensions.



Fig. 4b. SEM micrographs of (i) Khalasa date palm fiber/epoxy and (ii) Tensile test specimen.

Fig. 5. (a) Khalasa DPLF vascular bundles morphology. (b) cell wall in dry conditions. (c) cell wall biodegradation due 24 h under moisture absorption.
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The observed lignin, also known as a complex hydrocarbon poly-
mer, is believed to give KPDLF rigidity and ease water uptake. It is
essential to mention that voids are also present in KDPLF natural
fibers, which indicates a certain degree of porosity. It is well‐known
that porosity promotes higher moisture absorption of fiber. The water
uptake was determined by the weight difference before immersion and
after immersion. The percentage of weight gain was computed at var-
ious time intervals, and the water uptake versus immersion time was
plotted, as shown in Fig. 6. Natural plant fiber‐based composites have
limitations in outdoor applications as compared to synthetic fibers
based composites. The limitations are due to its water uptake because
of higher hemicellulose contents. Accordingly, KDPLF absorbs more
moisture and experience swelling and dimensional increase. From all
the various parts of the date palm, leaflets had the highest amounts
of extractives and protein, 24% and 10%, respectively. It is important
to note that natural fibers' moisture content is attributed to the hemi-
cellulosic plant cell wall. Higher water uptake eases the microbial
attack. Fig. 5b shows the KDPLF vascular bundle cell‐wall biodegrada-
tion morphology due 24 h under moisture absorption. Herein, the dif-
fusion coefficient is proportional to the concentration gradient of this
substance. The diffusion coefficient indicates that the material
5

migrates through a unit surface in a unit time at a concentration gra-
dient of unity. The high content of hemicellulose and pores in the leaf-
lets connective tissue facilitates the moisture absorption process. The
KDPLF showed high hydrophilic behavior and reach 98.4% saturation
water uptake in 24 h (see Fig. 6).

3.4. Tensile behavior

Moisture fiber content influences the degree of crystallinity, crys-
talline orientation, tensile strength, swelling behavior, and porosity
of fibers. Twenty‐five fibers were selected randomly to appreciate
the effect of moisture content on the tensile behavior of KDPLF.
Young's moduli, ultimate tensile strength, and elongation at break
were calculated from the stress–strain curve for KDPLF. Table 1ists
the composition and properties of Khalasa fibers and some natural
fibers from literature. As shown in Table 1, one can note that the lignin
content of Khalasa fiber is the second highest after the coir fiber, while
its hemicellulose content is also the second‐highest after Arundo fiber.
One can note that the cellulose content of Khalasa fibers is in the med-
ium range compared to the other fibers. Table 2 gives the tensile prop-
erties of KDPLF before and after soaked in water, respectively. The



Fig. 6. Khalasa DPLF moisture absorption.

Table 2
Tensile properties of KDPLF before and after soaked in water.

Dry Condition Under Water Absorption

Tensile strength (MPa) 47.99 ± 13.58 38.16 ± 15.67
Modulus (GPa) 2.10 ± 0.40 1.41 ± 0.45
Elongation (%) 1.89 ± 0.41 2.45 ± 0.22

Fig. 7a. KDPLF/Epoxy moisture absorption.
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variability in the reported properties is probably attributed to the pos-
sible residual stresses and damage during the fibers' extraction process.

3.5. The water uptake behavior of KDPLF /Epoxy composite

The water uptake in the KDPLF/Epoxy Composite was computed by
the difference in weight between the dry and the wet samples using
the following and mechanical properties of the fibers used:

c ¼ m2 �m1

m1
� 100 ð2Þ

Where;
c is the percentage change in mass relative to the initial mass,
m1 and m2 are the specimen's masses before and during aging,

respectively.
For one‐dimensional water uptake, both sides of each specimen are

exposed to the same environment; the total water uptake c(t) can be
formulated as found in ISO62:2008 [39] as follows:

c tð Þ ¼ cs � cs
8
π2 ∑

20

k�1

1
2k� 1ð Þ2 exp � 2k� 1ð Þ2Dπ2

d2
t

" #
ð3Þ

Where;
cs is the water absorption at saturation,
k is the summation index,
d is the thickness,
t is the time and
D is the mass diffusivity in KDPLF/Epoxy.
Fick's law has been used to describe the composite material's diffu-

sion properties and determined by weight gain of pre‐dried specimens
immersed in water by using the following equation:
6

ffiffiffiffi
D

p
¼ 1

cs
� d
0:52π

� c tð Þffiffi
t

p ð4Þ

Fig. 7a shows the percentage of weight vs. time for the KDPLF/
Epoxy composite. On the other hand, the tensile stress–strain curves
for the KDPLF/Epoxy composite before and after soaked in water are
shown in Fig. 7b. The water uptake process for KDPLF and KDPLF com-
posites is linear initially, then slows and approaches saturation 24 h.
The water uptake by KDPLF was computed to be 94.93% more than
the KDPLF composite. The diffusion coefficient for KDPLF/Epoxy com-
posite diffusion coefficient was determined to be 4:17 � 10�3 m2/s. It
can be seen that the water uptake significantly decreased in the case
of KPDLF/epoxy composite because the epoxy resin partially fills the
KPDLF's lumen. The resin filling the lumen structures blocked the
water channels, which is considered an essential mechanism for the
moisture absorption of plant‐reinforced composites. It is observed that
KDPLF swells when it is composite is exposed to moisture. The fiber
swelling promotes micro‐cracking in the epoxy matrix, as shown in
Figs. 8‐10. The content of hemicellulose dominated the moisture con-



Fig. 7b. Stress–strain curve of KPDFL/epoxy composite.

Fig. 8. KDPLF/Epoxy moisture expansion damage (a) matrix crack in dry conditions, (b) fiber–matrix debonding, crack development, fiber swelling, and loss of
matrix particles due 24 h under moisture absorption.

Fig. 9. Morphology of damaged KDPLF/Epoxy (a) debonding, fiber fracture, fiber pull out under dry conditions, (b) fiber swelling, fiber pull out, debonding
increase, and matrix crack due 24 h under moisture absorption.
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Fig. 10. Morphology of damaged KDPLF/Epoxy (a) fiber pull out and fiber fracture, fiber–matrix debonding under dry conditions, (b) matrix crack, fiber swelling,
debonding due to the fiber swelling stress, and fiber biodegradation due to attack by water molecules under 24 h moisture absorption.
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tent in natural fiber composites. As the content of hemicellulose
increases, the moisture content increases. Based on the previous study,
the hemicellulose content in KDPLF is in the range of 26–28%.

The hemicellulose content is believed behind the more water
absorption into the interface between the fiber and matrix, generating
volumetric (swelling) stress leading to KDPLF composite failure. The
failure mode was observed to be a debonding between fiber and
matrix. The development of osmotic pressure pockets initiates the
debonding failure mechanism at the fibers' surface due to water mole-
cules' diffusion. Fig. 10a shows that KDPLF/Epoxy has only experi-
enced matrix cracking in dry conditions. On the other hand, Fig. 10b
shows fiber–matrix debonding, crack development, fiber swelling,
and matrix crack to affect moisture content. Table 2 presents the coef-
ficients of moisture expansion for the KDPLF/Epoxy composite. How-
ever, moisture absorption produces dimensional changes in the
material due to the matrix and fiber swelling; the resulting volumetric
strain can be computed as:

ɛm ¼ β �M ð5Þ
Where; ɛm is the volumetric strain due to moisture absorption, M is

the moisture content at the time (t), and β is the coefficient of moisture
expansion (CME) computed as:

β ¼ Δl
l0
=
Δm
m0

ð6Þ

Where;
β is the coefficient, l0, m0 initial length and mass respectively, and

Δl, Δm time depends on length/mass variation. Table 3 gives the coef-
ficient of moisture expansion.

KDPLF/Epoxy composites shown different damage morphology for
dry and water immersed (exposure time 24 h). The SEM photographs
show fiber fracture in the fiber–matrix coupling area, and fiber pulls
out in the fiber core as the primary damage characteristics. It is also
evident that the KDPLF fiber core area has a high degree of porosity
(vascular bundles). This porosity promotes higher moisture absorption
Table 3
Coefficient of moisture expansion.

CME % Direction

β1 0.362983
β2 0.541918
β3 2.792627
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of fiber by capillarity along the fiber core/coupling area and coupling
area/matrix interface. Debonding between the fiber core and the
fiber–matrix coupling area reduced the composite stress transfer
capacity. In a polymeric composite, the water‐uptake can be occurred
by three mechanisms: by imperfections within the matrix (pores and
cracks) matrix, by diffusion inside the, or by capillarity and the fiber/-
matrix interface. Water uptake in polymeric composites involves mole-
cules of free and trapped water. The water uptake process in plant
fiber‐reinforced composite materials consists of some stages. During
the first stage, free water molecules enter and rest inside the fibers,
namely the hydrophilic groups, affecting the interfacial strength
between the plant fibers and the polymeric matrix. The affected inter-
facial strength leads to material degradation, and matrix cracking
around swollen fibers has been observed. The cracks in the matrix
increase water uptake. The development of osmotic pressure pockets
initiates debonding between fiber and matrix at the fibers' surface
due to the leaching of water‐soluble substances from the fiber surface.
KDPLF/ epoxy composite tensile test damage characteristics under
24 h of moisture absorption showed different damage morphology:
micro‐cracks in the matrix, fiber swelling, fiber biodegradation,
debonding between the fiber core and the fiber–matrix coupling area
due to the fiber swelling stress, and fiber pull out in the fiber core.

As mentioned earlier, natural plant fiber‐reinforced composites suf-
fer from their high water uptake capability because it degrades their
Fig. 11. KDPLF/Epoxy specific ultimate strength.



Fig. 13. KDPLF/Epoxy specific toughness.
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mechanical properties. This degradation was found to be due to the
low‐stress transfer at the interface between the fiber–matrix. Fig. 11
shows the effect of moisture absorption on the specific ultimate
strength of KDPLF composites. The specific ultimate tensile strength
drops sharply as the moisture uptake percentage increases. Both the
tensile strain increases as the moisture uptake percentage increases.
The computed results showed that the tensile strain increased by
1.2%, respectively. This decrease in KDPLF composites' strength is
attributed to water's plasticization effect, weakening the fiber/matrix
interface. Instantly, a significant change in hemicellulose's microstruc-
ture was observed. Fig. 8a and 8b show the microstructure for KDPLF
composites before and after water uptake. This change in microstruc-
ture is believed to increase the ductility of KDPLF composites due to
the moisture content. However, empirical equations that relate the
KDPLF composites' specific strengths with the immersion time have
extracted using the best fitting curve model. The polynomial relation-
ship with R‐square value 0.99 between KDPLF/Epoxy composites'
specific ultimate tensile strength (SPUTS) and immersion time (t) is

SPUTS ¼ �0:0166t3 þ 1:0174t2 � 30:394tþ 2515:7 ð7Þ
Also, the linear relationship with R‐square value 0.99 for (SPUFS)

and immersion time (t) is

SPUFS ¼ �13:987tþ 2321 ð8Þ
These equations are valid for up to 24 h because, after this time, the

composite reaches its moisture content saturation. Fig. 12 shows the
moisture absorption influence in the specific modulus. The specific
modulus decreases as the moisture content increases. Accordingly,
the elastic modulus of the composite is reinforcement dominant, in
which moisture content has been found to have a significant effect
on composite stiffness. The KDPLF/Epoxy composite shown stress
transfer capability reduction between fiber and matrix due to moisture
content. The water uptake is less critical for the flexural failure mode
than in the tensile failure mode. This observation is because the flexu-
ral samples fail in the combination of compression, shear, and tension
mode. Empirical equations that relate the DPLF composites' specific
moduli with the immersion time have extracted using the best fitting
curve model. The lineal relationship with an R‐square value of 0.99
between DPLF/Epoxy composites' specific tensile moduli (SPTM) and
immersion time (t) is

SPTM ¼ �1:961tþ 265:65

Also, the polynomial relationship with R‐square value 0.99 for
(SPFM) and immersion time (t) is
Fig. 12. KDPLF/Epoxy specific modulus.
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SPFM ¼ 0:0015t3 � 0:0142t2 � 4:7465tþ 253:98 ð10Þ
These equations are valid for up to 24 h because after this time, the

composite reaches its moisture content saturation, and no more
change was observed.

Fig. 13 shows that the specific toughness under moisture conditions
increases. The KDPLF/Epoxy with high moisture content is less brittle
and requires more energy to break it; the plasticization effect of water,
water pockets, hemicellulose degradation, fiber swelling, debonding,
and moisture expansion effect have an important influence on the
material toughness. The empirical equations which relate the DPLF
composites' specific toughness with the immersion time have extracted
using the best fitting curve model. The polynomial relationship with R‐
square value 0.97 between DPLF/Epoxy composites' specific tensile
moduli (SPTT) and immersion time (t) is

SPTT ¼ 0:0015t3 � 0:0433t2 þ 0:541tþ 29:55 ð11Þ
Also, the polynomial relationship with R‐square value 0.95 for

(SPFM) and immersion time (t) is

SPFM ¼ 0:0015t3 � 0:0496t2 þ 0:6705tþ 27:262 ð12Þ
These equations are valid for up to 24 h because after this time, the

composite reaches its moisture content saturation, and no more
change was observed.

4. Conclusions

This paper introduces Khalasa date palm leaf fiber (KDPLF) as a
reinforcement for polymeric composite materials. Similar to other nat-
ural fibers, high variation in the mechanical properties and morphol-
ogy was showed in Khalasa fibers. The investigation findings
revealed that the morphological properties indicate the lumen size
for KDPLF (32.8 ± 15.9) µm, while KDPLF's cross‐section showed high
hemicellulose content. Moreover, the effect of water absorption has
been found to have significant effects on the mechanical properties
of date palm leaf fiber reinforced epoxy composite. Accordingly, as
the moisture content increases, Young's modulus, the tensile strengths
of KDPLF/epoxy composites decrease. On the other hand, as the mois-
ture content increases, Khalasa /epoxy composites' toughness
increases.

This paper examined the morphology, material properties, chemi-
cal composition, and water uptake of Khalasa date palm leaf fiber.
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For future research, the authors propose to develop a holistic life‐cycle
sustainability assessment model in which the social, economic, and
environmental performance of KDPLF will be assessed from the cradle
to the grave, and the life cycle sustainability performance of KDPLSs
will be compared with other natural composites. The researchers also
aim to build global and hybrid life cycle assessment models to reveal
the regional direct and global indirect environmental benefits such
as carbon footprint reduction, water use reduction, and waste mini-
mization of a circular economy application with KDPLF and synthetic
fibers. Multi‐regional hybrid life cycle assessment models will serve as
the best to investigate the micro and macro‐level benefits of using
organic waste materials as a reinforcement to polymeric products con-
sidering various macroeconomic factors such as contribution to
national gross domestic production, employment, job creation through
recycling sector, and improved health and well‐being impacts related
to producing petrochemical‐based polymeric products [40,41].
Finally, several multicriteria decision‐making models such as fuzzy
sets theory and expert judgment‐based multi‐attribute decision‐
making algorithms can also be used to extend the scope of the current
researcher to select the most sustainable business models considering
not only mechanical performance but also environmental, cost, and
well‐being of the society, simultaneously and integrated multicriteria
decision‐making model with life cycle sustainability assessment model
can be found in the literature [42].
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