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Abstract

This research reports the results of an experimental study on the physical, chemical, and mechanical properties as well as
the thermal behavior of eight varieties of date palm residues coming from the same environment. The aim is to evaluate
each variety of this natural material to be used thereafter, individually or as a mixture, in the manufacturing of composite
materials. The results show that Rachis variety exhibits relatively high values of tensile strength and Young’s modulus;
they attained 213 MPa and 8.5 GPa, respectively. In contrast, Petiole variety exhibits relatively high values of specific
mechanical properties. This is due to its low value of bulk density, which is 0.160 g/cm®. Besides that, Petiole variety is
also characterized by relatively high porosity and high rate of water absorption; they reached 81.52 and 140%, respect-
ively. Results of thermal analysis show that Leaflets variety provides the highest resistance to thermal degradation; its

main degradation occurred at 360°C.
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Introduction

With growing concern about depletion of fossil
resources and environmental risks caused by their over-
using, it is expected that the world is heading for renew-
able natural resources such as biomass resources.
Natural fibers as reinforcement have a great interest
in new technologies dealing with environmental
aspect.1*4

Date palm tree residues are one of the interesting
sources of the natural fibers since they are renewable
and abundantly available. Palm tree provides eight
kinds of residues (Petiole, Rachis, Leaflets, Fibrillium,
Bunch, Pedicels, Spathe, and Thorns) collected from
the seasonal pruning process as an essential agricultural
practice (Figure 1). A survey carried out among farmers
and agricultural organizations in the region of Biskra
has estimated that approximately 47.57 kg of palm resi-
dues is obtained per tree annually. This quantity of
residues 1s made up of 28.7% Leaflets, 27% Rachis,
23.9% Petioles, 6.3% Fibrillium, 5% Spathes,
4.9% Bunches, 3.3% Pedicels, and 0.8% Thorns.
According to the direction of the agricultural services
of Biskra region (Algeria), the number of palm trees

exceeds 15 million in Algeria, last decade. This
number is in increase every year and sheds huge quan-
tity of biomass which is also in increase annually
(Figure 2). In fact, this natural resource is not enough
exploited as much as many other natural fibers such as
jute, flax, ramie, hemp, and fleece fibers which their use
as reinforcement is taking place in several industrial
applications.™” Despite the multiple studies on its use
as composite reinforcement, date palm wood is not yet
used adequately in industry. One of the reasons is the
lack of information about the material properties
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Figure 1. Different parts of date palm wood: (a) Rachis, (b) Thorns, (c) Leaflets, (d) Petiole, (e) Spathe, (f) Bunch, (g) Pedicels,

(h) Fibrillium.
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Figure 2. Estimation of annual number of date palm trees and annual tonnage of date palm wood in Algeria.

especially about its behavior after its insertion in
various industrial matrices. Most of the work carried
out on this subject reported some properties of
some kinds of date palm wood,® '* that represent a
small percentage of the entire biomass offered by the
date palm tree. No reference is found in literature

concerning the properties of all kinds of date palm
tree residues. Knowledge of these properties is required
to optimize the industrial process and materials espe-
cially when they are used as a mixture.

This research is a preliminary study to a global study
about the potential utilization of all kinds of date
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palm residues as a mixture in manufacturing
new biomaterials. To attain this objective, there is a
need to a global characterization of each part of palm
tree residues which are Petiole, Rachis, Leaflets,
Fibrillium, Bunch, Spathe, Pedicels, and Thorns.
Thus, this paper aims to offer significant basic data
for the mentioned varieties through the evaluation of
their chemical, physical, and mechanical properties in
addition to their thermal stability and comparing them
with other commonly used natural fibers.

Experimental part
Raw materials

Materials used in this research have more than one year
since they have been collected. They were obtained
from trees of 40 years old from Borj-Rose Oasis in
Biskra region situated at south east of Algeria.
According to the direction of agricultural services in
the same region, there are more than four million of
palm trees, 61.45% of them are Deglet-Noor palm
trees. For that reason, we have chosen the samples
from this variety of palm tree.

Preparation of samples

Eight varieties of date palm wood (Petiole, Rachis,
Leaflets, Thorns, Spathe, Bunch, Pedicels, and
Fibrillium) were investigated (Figure 1). Samples
chosen from each variety were hewed to get rid of
degraded parts and then they were cleaned with water
to remove dust and impurities. Fibrillium meshes were
separated in water into individual fibers. Petiole,
Rachis, Spathe, Bunch, and Pedicels were cut into
two or three pieces and all the eight varieties of date
palm wood were oven dried. Afterward the samples
were prepared according to the characterization experi-
ment: as fibers cut to the desired length, small pieces, or
powders.

Methods of characterization

Chemical analysis. Ash content of samples was deter-
mined after the ignition of the samples in a muffle fur-
nace at 550°C during 5h until all the carbon is
eliminated. Ash content was calculated as a percentage
of residues based on the oven-dry samples weight.
Contents of celluloses, hemicelluloses, lignin, and prod-
ucts solubilized in hot water were determined using the
procedures described in the literature.'*'* The content
of extractive in samples was determined using Soxhlet
extraction apparatus with ethanol-toluene mixture for
4 h. The contents of cellulose brute, which is the organic
matter remaining insoluble after the acid and alkaline

treatment, were calculated according to the Weende
method."”

Physical analysis. Bulk density of samples was determined
by the gravimetric method based on the Archimedean
principle,'® on a balance with a precision of +0.1%.
Ten portions of different volumes taken from each
sample were tested, under the following climatic condi-
tions, T=30£2°C and RH=65+2%.

Absolute density was determined by measuring the
real volume of the samples. For that, samples were
ground into meal and were compressed to 70 MPa for
eliminating air volume. The absolute density is the ratio
of the compressed mass to its volume. Water absorp-
tion of the samples was measured according to stand-
ard ASTM C127/88.'7 The mean porosity (P) of the
samples was calculated by the following equation®

- Bulk density
P= Absolute density

Mechanical analysis. The mechanical properties (tensile
strength, elongation, and modulus of elasticity) of the
eight parts of date palm residues were determined in
accordance with standards NF EN ISO 5079,'® under
the following climatic conditions, T=284+2°C and
RH=65+2%, using an electromechanical universal
testing machine WDW. To avoid the slipping or break-
ing of the fiber’s extremities, two plywood (4 cm x 4 cm)
scratched in the middle are inserted between the two
grips of the tensile testing machine to maintain the
two fiber extremities. Five fibers of each sample were
tested. The tensile test lengths were chosen to be
100mm for all the samples and the crosshead speed
employed was 0.5 mm/min.

Thermal analysis. The thermal behavior of the samples
was studied under inert atmosphere using a LINSEIS
2400 (Thermal analysis TGA and DTA Instrument) at
a heating rate of 5°C/min from 25°C temperature to
700°C.

Results and discussion
Chemical properties

Table 1 summarizes the chemical composition of the
eight kinds of date palm wood. The results show that
there is no significant difference between the samples on
the contents of cellulose, hemicellulose, and lignin.
Nevertheless, it can be noted that lignin content in
Rachis is relatively high compared to the lignin con-
tents in the other samples. The high content of lignin
in Rachis is also observed in the results reported by
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Table I. Chemical composition of date palm wood.

Samples Extractives Hot water Ash wt % Cellulose Lignin wt % Hemi-cellulose Cellulose wt %
wt % solubility wt% Brute wt % wt %
Petiole 13.86 27.00 3.70 23.97 26.03 20.44 33.79
Rachis 7.68 17.67 4.00 54.02 33.00 19.35 41.42
Thorns 7.55 14.00 5.52 56.29 30.10 21.17 35.05
Leaflets 9.56 22.64 2.62 49.00 28.57 20.05 38.58
Bunch 10.27 I1.45 5.14 59.77 29.97 20.68 39.82
Pedicels 5.89 12.26 3.05 68.29 27.64 21.15 33.29
Spathe 5.38 29.42 5.10 43.27 28.27 19.10 42.48
Fibrillium 4.32 3.37 1.55 82.28 27.80 21.68 43.94

other work,'*'*2% but in this work it was higher. This
may be related to the climate conditions and to the soil
chemical composition in which the plants are growing.

It can be observed also that Petiole, Bunch, and
Leaflets are characterized by high amounts of etha-
nol-toluene extractives while Fibrillium, Leaflets, and
Pedicels are characterized by low ash contents which
are very close to those known for nonwoody biomass.'?

The high ethanol-toluene extractives in Petiole,
Bunch, and Leaflets varieties could be an advantage
for decay resistance when they are used as compressed
wood?! and the low ash contents in Fibrillium, Leaflets,
and Pedicels can positively affect the processing machin-
ery.”> Furthermore, the high content of cellulose brute in
Fibrillium and Pedicels indicates that these varieties are
more resistant in acid and alkaline environment which
makes them more suitable to reinforce alkaline matrix.

Compared to the chemical composition contents of
natural fibers reported in literature'*** (Figure 3), date
palm wood contains lower amount of cellulose.
Nevertheless, the cellulose content in Leaflets, Bunch,
Rachis, Spathe, and Fibrillium is close to that of coco-
nut and bamboo, and it belongs to the range of 38-45%
which is compatible to the reported cellulose content of
softwoods (40-52%) and hardwoods (38-56%).
Cellulose contents in this range make these parts of
palm tree a suitable raw material for the paper and
pulp industry.?® It can be noted also from Figure 3,
that date palm wood is rich in lignin and it is close to
lignin content of coconut. Like in coconut wood, the
higher lignin content makes palm wood very tough and
stiffer compared to the other natural fibers and contrib-
utes to its flexibility and its hydrolysis rate. The struc-
tural rigidity of the palm wood makes it a valuable
building material.**

Physical proprieties

Table 2 presents the physical properties of the eight
varieties of date palm wood. It could be noted that

Rachis and Bunch wood had higher values of density
in relation to the other kinds examined in this work.
According to the wood classification reported in the
literature,”> Rachis and Bunch wood are considered
as light wood 500-650kg/m®. While Petiole,
Fibrillium, Spathe, Leaflets, Pedicels, and Thorns
wood are classified as very light wood (<500kg/m?),
which makes them soft and easy to handle according
to the same reference.

The lightness of palm tree wood is remarkable com-
pared to the other reinforcement fibers.”> On the one
hand, it is an advantage for reducing industrial con-
sumption. On the other hand, it influences other prop-
erties and consequently influences its processing and
utilization.

Concerning the rate of water absorbed after 24 h by
mass, the results show that Petiole, Spathe, and
Fibrillium have relatively high values compared to
other parts. Petiole’s rate reached 140%, is lower than
mean rate of absorption of sisal 230%, and higher than
that of coconut® which was 100%. The mean rate of
absorption of Rachis, Thorns, Pedicels, Bunch, Leaflets
was lower than that of coconut, and this could have a
beneficial effect on the chemical treatment consumption
to reduce the moisture absorption of the fibers espe-
cially of the Rachis 36.88%.

Globally, the rate of water absorption of the eight
samples varies in direct ratio to the mean porosity value
shown in Table 2. Petiole, Fibrillium, and Spathe are
noted to have high values of porosity; it attains 81.52%
in the case of Petiole which is less than straw porosity
96%2¢ and more than that of many other natural fibers.
Indeed, this latter property contributes mainly in the
absorption process that is why Petiole has the ability
to absorb a great quantity of water compared to the
other parts. However, on the other hand, porosity is
responsible for the excellent properties of thermal and
acoustic insulation of the material. Thus, the use
of Petiole, Fibrillium, and Spathe varieties by reason
of these properties will be advantageous.'”
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Figure 3. Chemical composition of date palm wood compared to other natural fibers.

Table 2. Physical properties of date palm wood.

Property Petiole Rachis Thorns Leaflets Bunch Pedicels Spathe Fibrillium

Bulk density (kg/m®) 160 £ 54 635+228 431+£398 4I1+414 555+11.8 4254236 3284424 2094317

Absolute density (kg/m®) 866+20.5 751102 716222 830+23.6 826+13.7 749+256 897+104 786+23.6

Water absorption 146.32+21 3688410 8385+3.1 966+14 632+5 7378 +3 130.83+£2 II5II£157
(% by mass)

Porosity (%) 81.52 15.44 39.80 50.6 328 43.25 63.43 73.41

Table 3. Mechanical properties of date palm fibers.

Property Petiole Rachis Thorns Leaflets Bunch Pedicels Spathe Fibrillium

Diameter (mm)  0.40-1.00  0.60-0.75  0.70-0.73  0.35-0.90 0.30-0.50 0.63-0.77  0.43-0.51 0.50-0.80

Tensile strength  90+8.87  213+58 95.35+48 100.12+43.87 113.95+54 86+5.00 1205+ 125 90+£30,70
(MPa)

Elongation (%) 095+042 438+196 367+1.14 268+049 337£139 23740.15 2414+005 4594090

Young’s modulus  7.00+2.00 850+£233 3.87+2.13 4.00+1.33 4334+267 3.00£1.00 500+1.00 3.66+233

(GPa)

Mechanical proprieties

The average value of the tensile strength, elongation at
break, and the modulus of elasticity of each sample are
summarized in Table 3. The results show that the mech-
anical properties of the eight date palm tree residues
differed slightly. The highest value of tensile strength

and of Young’s modulus is that of Rachis and this may
be due to its chemical and physical properties (relatively
high content of cellulose and less rate of porosity as
shown in Tables 1 and 2).

Tensile strength and Young’s modulus values of
Fibrillium fibers obtained in this work are comparable
to those reported in the literature.®*’ but those of
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Figure 4. Average Young’s modulus of date palm fibers compared to other natural fibers.

Petiole obtained in this work are significantly higher
than those of literature.”® This difference can be attrib-
uted to several factors such as the different sources of
fibers, the different conditions of test, the defects
(cracks) of cellulose fiber, and the breaking mechanism
of fiber.?’ Those could be also the reason for the great
dispersion of the mechanical testing results even under
carefully controlled conditions of laboratory. It can be
noted also that all samples except Petiole have a signifi-
cant elongation at break. This could have a relation to
the high content of lignin which characterizes date palm
wood, as it is known; the lignin was the chemical com-
ponent responsible on the tenacious and elastic behav-
ior of the fiber;*** nevertheless, date palm wood fibers
range among the natural fibers which have weak mech-
anical properties.

Figure 4 shows that Young’s modulus values of date
palm fibers are close to that of coconut fibers and are
considerably lower than those of most vegetable
fibers.>® This can be explained by the physical structure
of the natural fibers such as the crystal structure, the
degree of crystallinity, the spiral angle of the fibrils,
the degree of polymerization, the porosity content,
and the size of the lumen in addition to the chemical
composition.® However, when the specific modulus
(Young’s modulus/bulk density) is considered, date
palm tree fibers indicate values which are comparable
or better than those of other natural fibers®® as is
shown in Figure 5. These higher specific properties con-
stitute one of the principal advantages of the use of
composites with date palm fibers in the applications
which require at the same time a high strength and a
light weight.

Thermal behavior

The thermal analysis TGA and DTA of each sample,
under inert atmosphere, are shown in Figure 6. The
results indicated slight differences between the evolu-
tion profiles of the thermal degradation TGA and
DTA of the eight samples. All present the same tenden-
cies of mass loss according to the increase in the tem-
perature. The TGA curves show three principal phases
in the evolution of pyrolysis.

The first phase corresponds to a mass loss of 14.80,
9.47, and 6.81% for the Petiole, Spathe and Fibrillium
observed, respectively, in the intervals 75-200, 110-220,
and 110-250°C. For the other samples, this phase is
characterized by an endothermic phase until 230°C.
Loss mass in this phase is attributed primarily to the
dehydration®' and elimination from volatile com-
pounds,* in addition to the degradation of part of
lignin.** The relatively earlier loss mass observed from
Petiole, Spathe, and Fibrillium pyrolysis could be due
to simultaneous moisture and low temperature volatiles
release of these varieties compared to the others.

The second phase started approximately at 200, 220,
240, and 250°C for Petiole, Spathe, Thorns, and
Fibrillium, respectively, and at 230°C for Bunch and
Rachis and at 260°C for Pedicels and Leaflets. It
ended at 460, 420, 420, 410, 450, 470, 400, and 450°C,
for the same order of pyrolysis. The curves of TGA in
the second phase are characterized by very strong
slopes corresponding to significant losses of mass
66.3, 65.79, 63.15, 69.45, 61.5, 63, 69.66, and 56.66%
of the same samples sequence. This second weight loss
corresponds to the decomposition and the oxidation
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Figure 5. Specific Young’s modulus of date palm fibers compared to other natural fibers.

pyrolytic of the dry vegetable material. According to
the literature,**> the temperature interval of this
phase corresponds to the destruction temperatures of
hemicellulose, cellulose, pectin, and part of lignin.

The third phase started from the ends of the second
phase and continues beyond 600°C for all samples. This
phase is characterized by a reduction of the speed of
mass loss. It corresponds to the pyrolytic destruction of
the remainder of the organic matter (lignin) trans-
formed for the majority into products carbonized
during the second phase. According to the literature,*?
lignin degrades on a wide range of temperature which
goes from 160 to 900°C.

It is clearly observed from Figure 7 that Leaflets
exhibited more resistance to thermal degradation than
other samples. This can be related to the elemental and
chemical compositions of the samples.*”

The DTA curves of the eight palm tree residues
indicate two exothermic peaks. The first peak located
at 320°C for Petiole, Spathe, and Fibrillium, at 350°C
for Bunch and Rachis, at 340°C for Thorns, at 330°C
for Pedicels, and at 360°C for Leaflets. It is attributed
to the thermal depolymerization of hemicellulose and
pectin. The second peak located around 400°C for all
the samples. It is related to the decomposition of cellu-
lose. This peak is not ecasily observable except on the
Petiole curve (Figure 6(a)) where it is localized at
440°C. Thus, the main degradations of date palm
wood occurred at temperature beyond 320°C.

Compared to other natural fibers, the first peak of
date palm fibers notably that of Leaflets is located at a
higher temperature than that of sisal, coconut, and
bamboo'>3* and it is close to that of hemp.**

Conclusion

The present study investigated the chemical, physical,
and mechanical properties in addition to the thermal
behavior of date palm wood from Biskra region. Eight
kinds of palm wood obtained from date palm tree resi-
dues are investigated.

The results show that the eight parts of date palm
wood consist mainly of cellulose, hemicellulose,
and lignin with an average of 40, 20, and 28 wt%,
respectively. They are characterized by low value of
density which is generally less than 600kg/m® and
low rate of water absorption (under 100% except
for Petiole, Spathe, and Fibrillium). Date palm
wood ranges among the materials which have weak
mechanical properties (the tensile strength ranged
from 86 to 213 MPa, Yong modulus ranged from 3 to
8.5GPa, and elongation at break close to 3%); how-
ever, it is characterized by high specific properties
which constitute one of the principal advantages of
use it to develop lightweight and high strength
materials.

Thermogravimetric analysis of date palm tree fibers
indicated that date palm fibers are suitable as reinforce-
ment for making composites even with thermoplastic
matrix materials whose processing temperature is less
than 320°C.

Based on the results presented in this paper,
further research should be developed to study the
possibility of using all kind of date palm wood as a
mixture in manufacturing new materials. The results
of this further research will be published in a forthcom-

ing paper.
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Figure 6. Thermal analysis of date palm wood: (a) Petiole, (b) Thorns, (c) Pedicels, (d) Spathe, (e) Fibrillium, (f) Leaflets, (g) Rachis,
(h) Bunch.
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Figure 7. Thermogravimetric curves of date palm wood:
(DPP)Petiole, (DPT)Thorns, (DPD)Pedicels, (DPS)Spathe,
(DPF)Fibrillium, (DPL)Leaflets, (DPR)Rachis, (DPB)Bunch.
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