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Abstract: This study focuses on the development of an insulation biocomposite using Doum
palm (Chamaerops humilis) fibers reinforced with a natural binder based on citric acid
and glycerol. The main objective is to optimize the thermal conductivity and mechanical
properties of the biocomposite as a function of fiber preparation (short or powdered
fibers) and binder content (20%, 30% and 40%), and relate them to the bonding of the
fibers and the binder. The obtained results suggest that the addition of the binder greatly
enhances the density, compressive strength and Young’s modulus of biocomposites. More
specifically, the addition of 20% by weight of the citric acid / glycerol binder improves the
bond between fibers, whether they are short fibers or powders. This leads to an increase in
the mechanical properties, with Young’s modulus reaching (212.1) MPa and compressive
strength at (24.3) MPa. On the other hand, the results show that these biocomposites
also have acceptable thermal insulation performance, achieving a thermal conductivity
of (0.102) W/(m-K), making them suitable for a variety of applications in sustainable
buildings and for refurbishment.

Keywords: insulating panels; chamaerops humilis fibers; biodegradable binders; natural
materials; physico-mechanical properties

1. Introduction

The use of Doum palm fiber (DPY) in scientific research has attracted attention due to its
unique properties and potential applications in various fields, including in composites [1-3].
DPf, derived from the leaves of the Doum palm tree (Chamaerops humilis), is abundant
in the Arabian Peninsula and northern Africa. It is characterized by its low density and
favorable mechanical properties, making it a suitable candidate for the reinforcement of
polymer matrixes [2,3].

Research has shown that DPf can significantly improve the mechanical, thermal and
rheological properties of composites when treated by chemical methods such as alkaline
treatment [4-7]. This treatment not only improves the surface characteristics of the fiber,
but also increases its cellulose content, which is crucial for better adhesion within the
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polymer matrix [8,9]. Studies have shown that incorporating DPfs into polypropylene and
gypsum composites results in improved tensile strength and energy absorption capabilities,
indicating their effectiveness as a reinforcing material [1]. In recent years, DPfs have been
the subject of a great deal of research and have proved to have interesting mechanical and
physical properties. These cellulosic fibers have been used to develop applications in the
construction and other industries in terms of reinforcement. Fardioui et al. [10] evaluated
the potential of this plant to be used as a reinforcement for water-soluble polymers to
prepare bio-nanocomposites by studying the effect of chemical treatment on these fibers.
A study carried out by Bahloul et al. [11] on DPfs showed that the cellulose nanocrystals
produced from these fibers could be used as additives or reinforcing agents in the prepa-
ration of polymer composites. Arrakhiz et al. [12] evaluated the thermal and mechanical
properties of DPfs reinforcing a low-density polyethylene composite to optimize it. They
also studied the effect of an alkaline treatment to clean the fiber surface and improve
polymer/fiber adhesion. Essabir et al. [13] have shown that DPfs are an environmentally
friendly reinforcement in polymer composites because of their mechanical properties and
abundance. Dan-Asabe et al. [14] produced a composite by compression molding, using
DPfs as a reinforcement. The authors found that the formulation with the best mechani-
cal properties consisted of 8% DPf, 62% Polyvinyl chloride (PVC) and 30% Kankara clay;,
resulting in a water absorption rate of 0.72%, a Young’s modulus of 2 GPa, a flexural
strength of 84 MPa and a density of 1.43 g/cm?. The possibility of using gypsum mortar
reinforced with DPfs as thermal insulation in buildings was evaluated by Fatma [2]. Several
composite materials were prepared, and the DPfs were treated with a 1% NaOH solution to
improve their resistance to chemical degradation. Improved mechanical performance and
thermal conductivity were observed in composites reinforced with treated DPfs, indicating
their potential as natural thermal insulators. Bouchefra et al. [15] studied the physical
and mechanical properties of compressed earth bricks (CEBs) reinforced with raw DPfs
and treated DPfs. The addition of raw and treated DPfs was found to reduce compressive
strength by 25% and 35%, respectively, while improving thermal insulation and reducing
density by around 16%. The results suggest that the use of DPfs in green composites offers
promising prospects for future applications in building.

The growing demand for sustainable materials in various industries has led to signif-
icant interest in biobased binders [16,17]. Among these, glycerol/citric acid blends have
emerged as promising candidates due to their renewable nature and effective binding prop-
erties [18-20]. Both glycerol and citric acid are derived from natural sources, making them
environmentally friendly alternatives to traditional synthetic binders. The combination
of these two compounds leads to the formation of ester bonds through polymerization
reactions, which enhances the adhesive properties of the mixture [16]. Research indicates
that the presence of hydroxyl and carboxyl groups in glycerol and citric acid facilitates
the creation of three-dimensional polymer structures when subjected to heat and pres-
sure, thereby improving the bonding performance of composites with this binder [21,22].
An important application of citric acid/glycerol acid blends is in the manufacture of
jute particleboard [23]. Nitu et al. [23] showed that varying the concentration in the cit-
ric acid/glycerol ratio significantly affected the mechanical properties and dimensional
stability of the resulting particleboard. Specifically, a blend containing a 20 wt% citric
acid/glycerol ratio of 40/60 showed optimum performance, achieving a modulus of rup-
ture of 19.67 N/mm? and a thickness swell of 9%, which is in line with industry standards.
Fourier transform infrared (FTIR) analysis confirmed the formation of ester bonds, which
contributed to improved properties through cross-linking with jute particles. In addition
to particleboard, citric acid/glycerol blends have been studied as binders for plywood
production [24]. The results indicate that the mechanical properties and water resistance of
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plywood are significantly influenced by the pressing temperature rather than the amount of
adhesive. Choowang et al. [24] found that, at temperatures of 180 °C to 200 °C, the binder
effectively penetrates the wood surface, improving adhesion and overall performance.

To the authors” knowledge, the present study is the first attempt at using DPf as an
eco-friendly substitute in the production of insulation boards bonded with a biobased
adhesive consisting of citric acid (CA) and glycerol (GLY). While most studies have focused
on hot pressing methods, this research aims to provide an understanding of the effects of
cold pressing, which can significantly decrease energy consumption and production costs.
Through the application of a wide range of analytical techniques (FTIR, XRD, TGA, SEM and
EDX), this study contributes to the characterization of the physicochemical properties of DPf
and assesses its ability to improve polymer composite performance. The aim is that these
findings can impact manufacturing processes in the construction industry, encouraging the
implementation of sustainable composites that utilize agricultural by-products to meet the
pressing global need for sustainable construction materials and products.

2. Materials and Methods
2.1. Doum Palm Fibers and Binding Materials

The leaves containing the DPfs were collected in the Safi region of Marrakech, Morocco.

Citric acid monohydrate (CA) and purified glycerol (GLY) were the main raw materials
chosen to bind the fibers together, with p-toluene sulphonic acid (p-TSA) as the catalyst [25].
The materials and catalyst used for the esterification reaction are identified in Table 1.

Table 1. Identification of binder reagents.

. . Molecular Weight . 3

Product Origin (g/mol) Density (g/cm?)
Citric acid monohydrate ~ Sigma-Aldrich 210.14 1.5
Pure glycerol Lobachemie 92.09 1.26
p-TSA Sigma-Aldrich 172.20 124

Tap water was used.

2.2. Physical Properties of the Fibers
2.2.1. Density and Diameter Measurement

The average diameter of DPfs was assessed using a digital microscope (model:
JEOL/JSM-5500). The fibers were placed on a glass slide and taped at the ends to en-
sure stability during measurement. Diameter measurements were taken at several points,
including the middle and both ends of each fiber. In accordance with ASTM D578-79 [26],
the density of natural fibers was determined experimentally using a pycnometer filled
with a liquid of known density (toluene, 0.866 g/cm3). Before the test, the untreated
fibers were cut to a length of 5 mm after being dried in desiccators filled with silica gel
for four days. This preparation provided accurate measurements and reliable data for
subsequent analysis.

The density of untreated fibers was calculated using Equation (1).

my — nq
mg —my) — (my —my

Popf = (( ))ptoluene 1)

where

pppy represents the density of the fiber in g/ cm?;
Proluene 15 the density of toluene in g/ cm?;
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my is the mass of the empty pycnometer in grams;

my is the mass of the fiber pycnometer in grams;

mg3 is the mass of the toluene-filled pycnometer in grams;

my is the mass of the pycnometer containing the fibers and toluene in grams.

2.2.2. Determination of Chemical Constituents

To analyze the chemical composition of DPf, approximately 40 g of ground fibers was
used. Cellulose content was determined using the Kurschner and Hoffer method [4], which
specifically measures the percentage of cellulose in the sample. The hemicellulose content
was assessed using the Boopathi method [27]. Insoluble lignin content was quantified using
the Klason technique [28]. Each of these analytical procedures was repeated three times to
ensure the reliability and consistency of the results obtained. This comprehensive analysis
provides crucial information on the potential applications of the fibers in various industries,
particularly in the development of composites.

2.3. Analysis of X-Ray Diffractograms of the Fibers

X-ray diffraction (XRD) analysis was carried out on DPfs to study their crystallographic
properties. The powdered fibers, with a particle size of approximately 200 pm, were
analyzed using a Philips X'Pert MPD diffractometer. Measurements were taken at various
20 angles, with a scan speed of 8°/min and a step size of 0.02°. The XRD installation was
operated at a voltage of 40 kV and a current of 40 mA. The aim of this analysis was to
provide information on the crystalline structure, crystallinity index and crystallite size of
DPfs, which are crucial to understanding their potential applications in composite materials.
The diffractogram obtained identified the degree of crystallinity and the arrangement of
molecular chains in the fibers, thus contributing to the overall characterization of the
material. The Segal method [29] (Equation (2)) was used to calculate the crystallinity index
of the DPfs:

CrI(%) = <1 _ f‘"”) % 100 @)

002
where Ipp; represents both amorphous and crystalline material, while I, represents only
the amorphous part.
The crystallite size (Cs) of the DPfs was estimated using Scherrer’s formula [30]:

kA
~ B-cosf

Cs (©)
where § is the total width of the peak at half-maximum (200), A is the wavelength of the
X-ray beam, k = 0.89 is the Scherrer constant and 6 represents the Bragg angle.

2.4. Morphological Analysis of the Fibers

The microstructure of DPfs was analyzed using a scanning electron microscope (SEM)
(model: JEOL/JSM-5500). The examination was carried out at an accelerated voltage of
30 kV, allowing detailed observation of the fiber surfaces at different magnifications. To
mitigate the effects of the electron beam charge during imaging, a thin layer of platinum
was applied to the DPf samples. In addition, SEM-integrated energy dispersive X-ray
spectroscopy (EDX) was used to identify the primary elements present on the fiber surface.
Understanding the chemical composition of DPfs is crucial to optimizing their application
in composite manufacturing.
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2.5. Thermal Stability of the Fibers

The thermal stability of DPfs was assessed using a thermogravimetric analysis and
differential thermal analysis (TGA /DTA) system (Setsys 24 Discovery, Setaram Instrumen-
tation, Caluire-et-Cuire, France). Approximately 10 mg of finely ground fibers was placed
in an alumina crucible and subjected to a nitrogen atmosphere at a flow rate of 20 mL/min.
The temperature was gradually increased from room temperature to 900 °C at a rate of
10 °C/min. This method enabled the thermal degradation characteristics of the DPfs to be
assessed and provided valuable information about their stability at elevated temperatures.

2.6. Preparation of the Composites and Specimens
2.6.1. Binder Composition and Preparation

Based on the work of Franz Segovia et al. [25], a ratio of 1:1 (mol/mol) between GLY
and CA was used.

Before the specimens were produced, several tests were conducted on the preparation
of the binder in order to optimize the kinetic parameters (time and temperature) that
influence the reaction.

Glycerol was initially heated to 120 °C before citric acid was added. The solution was
stirred vigorously for 120 min until the citric acid was completely dissolved. The mixture
was then cooled to 100 °C, and 2% of the catalyst (p-TSA) (by total weight of the mixture)
was added. Finally, the solution was cooled to room temperature. Before being used with
fibers, the solution was mixed with water at 70 °C to facilitate its application as a binder
(Figure 1). The amount of water added can vary depending on the desired viscosity and
ease of use.

Biobased binder | === Glycerol and citric acid ———  1:1 mol/mol

Crude glycerol £~ Citric acid £ N
— — [
}' T[ L |
: e o
e Heated to 120 °C _ : _

Room temperature Vigorously stirred for 120 min

Cooled to 100 °C
water £ N Catalyst (p-TSA) -,-;

)

—

| =
EO{‘ Heated to 70 °C e o

Figure 1. Binder preparation protocol with glycerol, citric acid, water and catalyst, with thermal treatments.

2.6.2. Fiber Preparation

Once the DPfs have been harvested, a preliminary treatment is required to increase
their effectiveness. Harvested Doum leaves contain dust and other types of impurities.
The fibers were first carefully cleaned to remove all these impurities and foreign bodies
so that only clean, usable leaves remained. They were then dried at a temperature of
30 °C for 3 days to ensure a constant moisture content. The fibers were then extracted
manually by rubbing the leaves against a rough surface, ensuring complete separation of
the fibrous material.
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Doum plant (Chamaerops humilis) Chopped Doum palm fibers (DPfs)

Powder fiber

Short fiber

In this study, two sizes of DPfs were prepared to produce test specimens: short fibers
(10-17 mm long), and powdered fibers (less than 5 mm long), cut using a Lamacom-type
knife mill (Figure 2).

(b) (©)

=TT teineen

Grinder

Figure 2. Preparation of the fibers: (a) Chamaerops humilis; (b) chopped fibers; (c) cut fibers; (d) mill
used to prepare the fibers; (e) short and (f) powdered fibers.

2.6.3. Composite and Specimen Preparation

First, the binder was applied to the two sizes of DPfs (short fibers and powdered
fibers). Subsequently, water was sprayed onto the surface in an amount corresponding to
10% of the particle weight. For the powdered fibers, the binder was added gradually in a
controlled ratio. The mixing was carried out manually at room temperature to ensure that
the binder evenly coated all the fiber particles. This step is crucial for achieving uniform
impregnation, as powdered fibers have a much finer texture compared to short fibers
(Figure 3). They were then placed in a cylindrical mold (30 mm diameter, 80 mm high) and
immediately compressed using a hydraulic press at 60 bar for 2 min. Finally, the samples
were stored at 40 °C until a constant weight was obtained.

Table 2 shows the percentage of binder used, in relation to the mass of fibers (short
fibers, DPs, or powder, DPp), for each composite. The B-number defines the % of binder
used on the formulation.

Table 2. Biocomposite abbreviations and formulations.

Biocomposite Binder % Type of Fiber
DPs-B-20 20
DPs-B-30 30 Short
DPs-B-40 40
DPp-B-20 20
DPp-B-30 30 Powder

DPp-B-40 40
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Specimen manufacturing
protocol

DPp-B-20

DPp-B-30

DPp-B-40

DPs-B-20

DPs-B-30

DPs-B-40

Specimens for thermal and mechanical tests

Instron universal testing machine

Figure 3. Composite specimens and thermal and mechanical experimental tests carried out.

2.7. Fourier Transform Infrared Analysis of the Fibers and Binder

Fourier transform infrared spectroscopy (FTIR) was used to analyze the functional
groups and chemical components present in the DPfs. The fibers were first ground to a fine
powder and then mixed with potassium bromide (KBr) powder in a 1:10 ratio (DPf:KBr).
This mixture was then pressed into a fine pellet using a hydraulic press, applying a force of
5 tons for 20 s. The prepared sample was placed in the FTIR spectrometer (Vertex 70) for
analysis. For liquid binder analysis, a small volume was placed directly on the ATR crystal
for spectral analysis.

The FTIR analysis was carried out at room temperature, with 45 spectral scans recorded
to obtain the spectrum in the wavelength range from 4000 to 400 cm ! with a resolution of

4 cm~1L.

2.8. Thermal Conductivity and Density of the Composites

Thermal characterization of the composites was carried out on HOT-10-TPS 1500
equipment at a temperature of 25 °C (Figure 3).

The density of the biocomposite is defined as the ratio of the sample mass to its volume
and is calculated using the following equation:

=7 (4)
where m is the sample mass and V is the sample volume. The values measured represent
an average of three samples.

2.9. Mechanical Testing of the Composites

The mechanical characterization of the composites produced involved the assessment
of compressive strength and Young’s modulus. These tests were carried out in accordance
with ASTM D 3379-75 [31], using an Instron model 3369 universal testing machine to ensure
accurate and reliable results. The equipment features a compression cell consisting of two
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parallel hardened stainless steel plates, ensuring uniform application of load during testing.
A total of three specimens were tested per formulation.

3. Results
3.1. Physicochemical Analysis of Doum Palm Fibers

The chemical composition and morphological microstructure of plant fibers are ex-
tremely complex due to their hierarchical organization and the presence of different com-
pounds in varying concentrations. Table 3 shows the chemical composition obtained by
tests performed on the DPfs. The organic matter of DPfs is mainly composed of 38%
cellulose, 23.5% hemicellulose, 18.34% lignin and 13 to 15% extractable. The results of this
study corroborate those reported in the literature for DPfs, which are as follows: 30-43%
cellulose, 18-31% hemicellulose, 23-28% lignin and 12.5% extractable [10,11]. Compared
with other fibers, DPfs have a higher organic matter content than Diss and Kenaf fibers,
with values of 88.6% and 91.7%, respectively. However, this is lower than those of Alfa
(98.6%) and Flax (97.96%) fibers. This difference is probably due to the environment in
which the plant is grown, the type of fiber, the age of the plant, the conditions and the
period of storage and/or preservation after harvesting [4,32].

Table 3. Chemical compositions and comparison of DPfs with other natural fibers from the literature.

. Cellulose =~ Hemicellulose  Lignin Ash Density .
Fiber (%) (%) (%) (%) (g/cm®) Diameter (um) Ref.
DPf 38 235 18.34 3.7 1.24 110-270 Current
study
Doum 43.2 30.1 23.7 - - - [3]
leaves
Doum palm 423 21.85 18 - 132 35337 + 3149  [2,33]
petiole
lli)oum 30.86 18.57 33.12 2.23 - 3-10 [11]
eaves
Doum 29.01 19.74 28.64 4.79 - 3-10 [11]
trunk
Doum palm 43.1 35.8 18 - - - [1]
Washingtonia 40 19.34 235 5 12 260-314 [34]
robusta
Oil palm 49.6 18 21.2 - 0.7-1.55 - [35]
Sugar palm 43.95 8.24 43.81 5.61 - 314.33 + 55.75 [36]
Phoenix sp. 61.13 12.56 19.91 7.69 1.257 576.6 [37]
Table 4 shows the chemical compositions of DPfs in their raw state. The results
show that the water content in the fibers was approximately 6.88%, while the dry matter
content was 93.12%, the mineral content was 4.66% and the organic matter content was
approximately 95.34%. These results were confirmed by energy dispersive X-ray (EDAX)
analysis of the raw fiber, which contains low proportions of mineral matter (Mg, Al, S, Cl,
K), as shown in Figure 4.
Table 4. Chemical compositions of DPfs in their raw state.
Organic Mineral Extractable Extractable
Components Matter Matter Dry Matter Water (Ethanol/Toluene)  (Hot Water)
% by weight 95.34 4.66 93.12 6.88 13 15
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200K

1508 Element Mass %
o C c 67.15
140K o 29.03
12K Mg 0.60
100K Al 0.1
o s 0.51
= 0 cl 0.72
- K 1.18
20K Mg Al ssacl Kk k

%00 067 134 201 268 335 10 45 536 503

Lsec:50.0 111Cnts 1.980keV Det: Octane Plus

Figure 4. SEM EDX analysis of DPfs.

3.2. Fourier Transform Infrared (FTIR) Analysis

Figure 5 shows the infrared bands of DPfs in their raw state. The bands obtained have
been attributed to the main components of natural fibers, such as cellulose, hemicellulose
and lignin. The broad band observed in the 3600-3100 cm~! region indicates vibration
of the O-H bond. This broad and extended band is typical of plant fibers (lignocellulosic)
due to the extensive inter-/intra-molecular OH bond attached to the structures of cellulose,
hemicellulose and lignin [38—41]. The bands observed at 2923 and 2864 cm™ 1 are attributed
to the vibration of the C-H bonds of the CH and CH, groups, respectively, which are present
in cellulose, hemicellulose and lignin [13,42—44]. The band observed at 1738 cm~ ! indicates
the elongation vibration of the C=O carbonyl group, which is present in hemicellulose
and/or lignin as well as in pectin [4,45,46]. The band at 1648 cm~! is mainly associated
with the binding vibration of water molecules absorbed in the cellulose structure [4,45].
The band at 1515 cm ™! is attributed to the C=C vibrations of the aromatic ring present in
hemicellulose and lignin. The bands at 1460 and 1382 cm~! correspond, respectively, to
the CH; elongation vibration and the OH deformation of cellulose [47-49]. The band at
1243 cm ™! corresponds to the C-O vibration of the acetyl group in hemicellulose [50-52]. The
C-O-C and C-O-H vibrations of cellulose are located at 1150 and 1050 cm ™!, respectively [52-54].
Finally, the band at 897 cm ™! is due to C-O-C, attributed to the p-(1—4) glycosidic bonds
present in cellulose [11,54,55].

1.0
0.9 -
0.8 —
0.7 —

0.6

Transmittance (u.a)

0.5

0.4 -

3430

0.3 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR spectra of DPfs in the raw state.
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3.3. X-Ray Diffraction (XRD) Analysis

The diffractogram (Figure 6) of the raw DPfs showed lines characteristic of the typical
structure of cellulose I. The latter is characterized by the main crystalline peaks located at
approximately 14.9°, 16.3°, 21.4° and 34.4°, corresponding to the (1-10), (110), (200) and
(004) typical reflection planes [34]. Several researchers have found that the position of
the peak corresponding to the (200) crystallographic plane is approximately 26 = 22.3°.
However, in the case of the DPfs studied, this same peak was shifted to lower angles. This
may indicate the presence of another polymorph, possibly cellulose IV. Thus, it appears
that the lateral disorganization of cellulose I led to the cellulose IV polymorph [44,56].

o
o

Intensity (u.a)

60 70
20 (degree)

Figure 6. X-ray diffractogram of DPfs in the raw state.

The estimated crystallinity index (CI) for DPf is 54%, which is higher than that for
Pennisetum alopecuroides (49.14%), Phoenix pusilla (42.6%), sugar palm (42.28%), Elettaria
cardamomum (36.84%) and Washingtonia robusta palm (40%) [4,34,36,57,58]. However, the
crystallite size (CS) of DPf was calculated to be 5.2 nm using Equation (3).

3.4. Thermal Analysis (ATG-ATD)

Several studies have examined the effect of temperature on cellulose, hemicellulose
and lignin in different types of fibers [51,59-62]. They indicated that hemicellulose de-
composes at a maximum of 290 °C, while lignin decomposes thermally with peaks of
280 to 520 °C. Thermal cellulose decomposition begins at 210-260 °C by dehydration,
followed by a major endothermic depolymerization reaction with peaks ranging from 310
to approximately 450 °C [63-65].

The thermal behavior of the DPfs was studied by thermogravimetric analysis (TGA)
(Figure 7). Three weight losses are observed resulting from the decomposition of the
different components of the fiber studied. The first weight loss is about 4.79% at 84 °C,
attributed to the release of moisture-related water absorbed on the surface of a hydrophilic
lignocellulosic structure [34,61]. The second significant weight loss is about 23.91% at
260 °C, related to the decomposition of hemicellulose and pectin and cleavage of cellulose
glycosidic bonds [8,55,65]. The third weight loss (50% by weight) is noted at 305 °C and
could be attributed to the breakdown of cellulose and lignin [59,66]. These results are in line
with several studies that have referred to the thermal stability of natural fibers [34,67-72].
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Figure 7. ATG-ATD curves of raw DPfs.

3.5. Morphological Analysis by SEM

The surface morphology of DPfs, as shown in the SEM images (Figure 8), has charac-
teristics typical of natural fibers. These fibers have a network of fibrils interconnected over
their entire length by pectin and various non-cellulosic substances. This unique structure
contributes to the overall mechanical properties of the fibers, thus enhancing their potential
for use in composite materials [11,73,74]. The presence of these bonding compounds plays
a crucial role in maintaining fiber integrity and functionality, as has been observed for other

types of natural fibers [75-78].

VEGA3 TESCAN SEM HV: 10.0 kV

SEM MAG: 1.00kx | SM: RESOLUTION CAC-Cadi Ayyad University SEM MAG: 2.00 kx CAC-Cadi Ayyad University

Figure 8. SEM observation of untreated DPfs.

3.6. Characterization of the Binder and Biocomposites

The binder was characterized by Fourier transform infrared analysis (FTIR) to confirm
the presence of esters. Several mechanical and thermal tests were also performed to select
the appropriate formulation.

The structure of the ester was confirmed by FTIR peaks, whose characteristic bands are
shown in Figure 9. A wide band at 3427 cm~! is characteristic for hydroxyl groups of al-
cohols and acids, indicating incomplete conversion of hydroxyl groups in reagents [71,79].
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The 2957 cm~! band is characteristic of polyester C-H vibrations. The narrow band at
1738 cm ! is characteristic of the carbonyl group, the narrow band at 1190 cm ! is char-
acteristic of the acyl group and the low band at 1045 cm ! is characteristic of the alcoxy
group. These bands prove that a polyester was obtained [25,80-82].

Transmittance (u.a)

1 1738

: — — :
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)

Figure 9. Infrared spectrum of the biosourced binder synthesized based on CA-GLY.

The irreversibility of condensates is assumed to be due to high reaction temperatures,
which allow for rapid evaporation of water, thus shifting the equilibrium point towards
the products [80] (Figure 10). When the temperature exceeds 100 °C, water is discharged
as vapor, which promotes polymerization. While polymerization begins at temperatures
above 100 °C, it occurs more rapidly at higher temperatures. At moderate temperatures
slightly above 100 °C, the curing process can last several hours (for instance, one night),
while at temperatures between 175 and 200 °C, the curing process can be completed in
30 min to 1 h [19].

0 ) g
9] SR Q-g-
OH \ |
O

0 HO PN
GLY CA CA-GLY

Figure 10. Reactions involving both citric acid and glycerol molecules in condensation.

3.7. Mechanical and Physical Characterizations of Biocomposites
3.7.1. Mechanical Properties

The biocomposites’ compressive strength and Young’s modulus are shown in Table 5.
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13 of 22
Table 5. Biocomposites” compressive strength and Young’s modulus.
Biocomposite Compressive Young’s Modulus  Dimensions (J X e)

P Strength (MPa) (MPa) (mm?)
DPs-B-20 2432 +£2.54 210.63 £+ 10.66 30 x 36
DPs-B-30 21.20 = 0.98 212.14 £ 6.35 30 x 35
DPs-B-40 10.74 £1.94 117.78 £ 3.85 30 x 34
DPs range 18.75 £1.82 180.14 + 6.95 -
DPp-B-20 12.04 +1.74 79.52 £ 5.66 30 x 25
DPp-B-30 7.61 £ 0.31 43.42 £+ 3.52 30 x 22
DPp-B-40 5.74 £ 0.51 26.50 & 3.53 30 x 20
DPp range 8.35 £ 0.85 49.81 4= 4.23 -

Figure 11a,b show the evolution of the compressive strength and the Young’s modulus
in compression of specimens of the different formulations studied. It is observed that the
mechanical properties are affected by the variation in the proportion of the binder and by
the size of the DPfs. The results indicate that the increase in binder quantity decreased the
compressive strength and the Young’s modulus of the specimens in both cases (short fibers
and powdered fibers). It appears that the short-fiber (DPs) specimens have higher values
than those based on powdered fibers (DPp) in all cases, particularly with the proportions
of 20% and 30% of binder. The measured compressive strength for the DPs biocomposite
ranged from 24.32 MPa to 10.74 MPa depending on the amount of binder. In contrast,
the samples made of DPp achieved lower compressive strength values, always below
12 MPa. Previously, researchers found that reinforcing composites with longer natural
fibers such as sugarcane, coconut and cotton to improve the properties of the composite
boards was preferred because they could create a better fiber network through particle
overlap, enhancing the mechanical properties of the composite boards [83-85].

B ops-8 (b) 21214 I ops-8
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Figure 11. Mechanical properties of DPf-based specimens at different sizes with b-average and
standard deviation: (a): compressive strength; (b): Young’s modulus.

The higher Young’s modulus was achieved by only using DPss with a low binder
ratio, which is attributed to the size of the fibers and the binder ratio. When the fibers are
long, they give the sample flexibility due to interlacing of the fibers with each other, which
delays its rupture [86]. These results are consistent with those of several researchers [86-88].
Indeed, increasing the amount of binder can create a less cohesive structure, resulting
in a weaker interfacial bond between the fibers and binder. When there is too much
binder, it can fill the gaps between the fibers instead of contributing to reinforcement,
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resulting in a decrease in compressive strength and Young’s modulus. These findings
were compatible with the study conducted by Tigabe et al. [89]. Fiber size also plays a
crucial role in determining mechanical performance [90]. Short fibers tend to provide better
reinforcement than powdered ones because they can transfer loads efficiently through the
fiber /matrix interface. The larger contact area and better alignment of short fibers allow for
more efficient stress distribution in the composite. A larger contact area between fibers in
a composite allows for better interaction and bonding between the fibers and the matrix,
resulting in higher values for compressive strength and Young’s modulus [91].

The binder viscosity is another key element, as it relates to how it flows over the
surfaces of the fibers. Some studies [92-94] indicate that binder viscosity significantly
influences the mechanical performance of composites. Binders with optimal viscosity
enhance the modulus of rupture and modulus of elasticity in particleboards by ensuring
effective bonding between fibers and the matrix. Conversely, excessively high or low
viscosity can affect adhesion, leading to reduced mechanical strength. This highlights the
importance of selecting appropriate binder viscosity to optimize natural fiber-reinforced
composite performance.

3.7.2. Physical Properties

The thermal conductivity and density are given in Table 6.

Table 6. Values of thermal conductivity and density, ranges by type of DPf used and comparison to
other insulation materials.

Thermal
Composites Density (g/cm?) Conductivity Dimension (I x e) Source
W-m-1.K-1
DPs-B-20 0.507 0.1283 30 x 18 mm? Current study
DPs-B-30 0.506 0.1158 30 x 11 mm? Current study
DPs-B-40 0.450 0.1022 30 x 10 mm? Current study
DPs-B-20 to 40 0.488 0.1154 - Current study
DPp-B-20 0.868 0.2173 30 x 16 mm? Current study
DPp-B-30 0.916 0.2062 30 x 10 mm? Current study
DPp-B-40 0.877 0.2137 30 x 10 mm? Current study
DPp-B-20 to 40 0.887 0.2124 - Current study
Corn cob 0.171-0.334 0.101 25 x 25 x 3 cm® [95]
particleboard
Mineral wool
(fiberglass and 0.024-0.2 0.025-0.047 30 x 30 x 5 cm? [96]
rockwool)
Hemp concrete 0.417-0.551 0.179-0.485 50 x 50 x 50 mm? [97]
Wood (pine, lauan) 0.45-0.63 0.15 - [98]
Hardboard 0.89 0.126 - [98]
Plywood 0.49 0.083 - [98]
Water hyacinth 0.251 0.047 150 x 150 x 15 mm? [99]
particleboard
Particleboard 0.69 0.097 - [98]
A. donax composite 0.517 + 0.068 0.128 50 x 50 x 4 cm? [100]
Hazelnut shell 0.677 £ 0.047 - 10 x 4 cm? [101]
composite
Hazelnut shell 0.702 & 0.025 0.16 & 0.01 10 x 4 cm? [102]
boards
Vitis vinifera 0.782 0.064 600 x 400 x 7.5 mm® [103]

particleboard
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Thermal Conductivity

The main property of building insulation materials is thermal conductivity. The
aim is to achieve the lowest possible thermal conductivity. The thermal conductivity is
shown in Table 6 and Figure 12. All biocomposites remained within the acceptable thermal
conductivity range, as they were compared to the threshold of A < 1.15 W-m~1.K~!, which
is regarded as the limit for suitable insulation materials [104]. The results show that
thermal conductivity decreases with increasing binder proportion in the case of short and
powdered DPfs. DPss have better thermal conductivity compared to DPps, with values
ranging from 0.10-0.12 W-m~1.K~!, depending on the proportion of binder. This is in
line with the results of Timova et al. [86], who studied the effect of straw fiber size on the
thermal conductivity of biocomposites. Indeed, when the proportion of binder increases,
it fills the spaces between the fibers, which can lead to a more dense composite structure.
Excess binder can lead to a less cohesive matrix, negatively affecting the composite’s
thermal conductivity. While some trapped air bubbles enhance insulation due to air’s low
thermal conductivity, too much binder can fill gaps between fibers, increasing effective
heat transfer pathways and decreasing thermal resistance. Air is a poor heat conductor
(0.025 W-m~1-K~1), and these trapped air bubbles can improve insulation properties [87,105,106].
Short fibers tend to align better and create a more uniform structure, which allows for
more efficient load transfer and reduces heat conduction pathways. On the other hand,
powdered fibers can cause increased porosity and voids, which helps in reducing thermal
conductivity. Thus, achieving an optimal binder balance is essential for maximizing both
mechanical strength and thermal conductivity.

0.3

B oPs-B
I oo 8

0.2173
0.2062 0.2137

Thermal conductivity (W.m1.k?)

10 20 30 40 50
Binder (%)

Figure 12. Thermal conductivity of Doum fiber-based test pieces at various sizes.

The thermal conductivity of DPf composites is in the same range as some envi-
ronmentally friendly insulation composites available on the market, namely hemp con-
crete (0.17-0.48 W-m~1.K~1), cocoa fiber insulation boards (0.10 W-m~!.K~!) and date
palm fiber insulation boards (0.15 W-m~1.K™1) [97,107,108]. However, they are less
performant than commercial insulating materials such as those based on wood fibers
(0.064-0.066 W-m~1-K~!) [86], sunflower fibers (0.088 W-m~'-K™!) [109], rockwool
(0.04 W-m~1.K~1), mineral wool (0.036 W-m~1.K~1) and glass fiber (0.035 W-m~ 1K~ 1) [96].
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Density

Table 6 shows the variation in density of the different biocomposites.

The DPps have a larger surface area relative to their volume than DPss. This increased
surface area allows the fibers in the composite material to be thickened. Therefore, samples
made from DPps have higher density values (ranging from 0.868 to 0.917 g/cm?) because
fine particles can fill voids more efficiently and create a more compact structure [87,110].
However, the increase in porosity decreases the density of the sample, which is crucial to
understanding the differences in density. Short fibers tend to create more voids and air
bubbles in the composite due to their length and arrangement. These voids contribute to
a reduction in the overall density (from 0.450 to 0.507 g/cm?) by reducing the mass per
unit volume of the biocomposite. Similar observations have been made by several other
researchers [111,112]. The finer, powdered fibers, on the other hand, minimize these voids
and allow a denser composite to be obtained. Although the variation in binder ratio has
an effect on density, this impact is described as “mild” [89,113-115]. The binder is used to
bind the fibers together and fill in the gaps between them. However, its contribution to
the overall density may be less than the inherent properties of the fibers themselves. The
binder may add some mass, but if it does not significantly alter the structure or the porosity
of the composite, its effect on density is minimal [105,116]. Finally, the nature of the fibers
also plays a role in determining the density. Different types of fibers, raw and depending
on preparation, have distinct physical properties (for example, density, water content) that
can influence how they interact with the binder and with each other during processing.
Due to their structural composition, DPss may have lower density than DPps [33,117,118].

4. Conclusions

This study demonstrates the potential of Doum palm fibers (DPfs) as an effective rein-
forcement for citric acid and glycerol binder-based insulation biocomposites. A moderate
addition of binder strengthens the fiber bond, while increased fiber content substantially im-
proves the Young’s modulus and compressive strength. An analysis of DPf properties reveals
that fiber properties and binder proportions are crucial for the biocomposite’s performance.

Specifically, powdered fibers create denser composites (0.868 to 0.917 g/cm?) compared
to short fibers (0.450 to 0.507 g/cm?), as they reduce voids and air cavities that affect
density. While variations in binder proportions also influence density, their impact is
minor compared to the intrinsic properties of the fibers. The physical characteristics of
the fibers, such as thermal conductivity and density, influence their interaction with the
binder during processing. DPs composites exhibit lower density than DPps due to fiber size.
The thermal conductivity of insulating biocomposites ranged from 0.1022 W-m~1-K~! to
0.2173 W-m~1.K~!. The results were comparable to those for some sustainable thermal
insulation materials, although higher than for synthetic ones.

Overall, these results underscore the importance of selecting appropriate fiber prepa-
ration and binder ratios for innovative biocomposite development. Furthermore, they
suggest avenues for future research aimed at optimizing waste fiber processing to en-
hance environmentally friendly products for ecological, affordable, efficient and compatible
applications for new buildings and for refurbishing existing ones.
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