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and the size of the crystallites they contain. This characteristic suggests good

performance in the production of composites with these constituents. Specif-

mer matrix. Structural infrared analyses revealed the presence of absorption

loses and some of the lignin. This factor impacts the crystallinity of these fibers
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ically, thermal tests showed an overall mass loss ranging from 5.53% to
74.30%. ADT analysis shows that these fibers begin to degrade under thermal
effects at 251°C for the least resistant and 378°C for the most resistant. It can
be concluded that these fibers can withstand thermocompression and yield
structural composites.
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1. Introduction

Non-renewable subsoil resources have driven scientists to exploit inexhaustible
plant matter. Plant fiber-reinforced composite materials [1] are inexpensive in in-
dustrial applications as well as in housing and cabinetmaking. These lignocellulo-
sic fibers are readily available and possess exploitable mechanical properties, in
addition to their low density. These materials are environmentally friendly and
safe for human health compared to conventional synthetic reinforcements. The
concept of eco-design, with the development of bio composites [2], is emerging
with the creation of composites reinforced with natural fibers [3] [4], whose ar-
rangement within their chosen matrix remains mostly random. The preservation
of subsoil resources is pushing researchers and manufacturers to explore plant
resources of all kinds. Our immediate environment offers us renewable plant mat-
ter. A thorough understanding of their structural essence and their physical,
chemical, and thermomechanical performance remains a concern. Hence, our in-
terest in this research. Structural analyses are conducted on lignocellulosic fibers
in general [5]. These species are varied in nature. Amorphous fibers can be acti-
vated by prior chemical treatment [6] [7]. Others appear more or less crystalline
[8] [9]. These chemical treatments are perceived morphologically as an area suit-
able for chemical activation, facilitated by the removal of lignin and hemicellulose
[10]. The enhanced surface becomes a functional site for adsorption and increased
binding of functional groups predisposed to receive other chemical groups from
various types of matrices. The morphology of biodegradable date palm plant fibers
[11], as revealed by scanning electron microscopy, exhibits dimensional variabil-
ity depending on their origin and bioclimatic environment. Projections regarding
the formation of chemical bonds on substrate surfaces are often overlooked. In-
frared analyses will allow for the consideration of potential couplings with poly-
mers. Electron transfer at the matrix/fiber interface, similar to what occurs be-
tween metals, can also be predicted [12]. The crystalline nature of the fibers ob-
tained after chemical treatment, observed by XRD analysis, has made it possible
to identify the adhesion phenomena mentioned above and to evaluate their stift-
ness and/or flexibility [13]. Studies on the morphological characteristics of plant

fibers [14] have shown that these differ depending on the type of treatment ap-
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plied [15] [16] to the raw fibers in order to optimize the development of plant-
reinforced composites [17]. The physical, thermal, and mechanical properties of
plant fibers depend on their ecological zone [18] [19]. Hyphaene thebaica fibers
from the far north of Cameroon are unexplored yet readily available. The potential
for their use as lignocellulosic reinforcement with polymers is explored in this
work. Therefore, the intrinsic properties of these Hyphaene thebaica species must
be understood in this study. Furthermore, these fibers can be subjected to tem-
perature fluctuations. Thermal analyses influencing their physico mechanical be-
havior will be conducted to optimize the ideal temperature range [20] that these
fibers can withstand before considering their incorporation into polymer matri-
ces. All these microstructural and thermal analyses will refine their applications

in diverse industrial sectors.

2. Materials and Methods
2.1. Hyphaene thebaica Fibers

The four samples that will be the subject of our different analyses are presented in

Figure 1.

Vm - A / ‘ 2 ‘ N ‘\-‘_\ )
DIUCHE represents fibers in their natural state; DOROL are water-retted fibers; DORO-
TER are underground-retted fibers and DOSO are fibers that have undergone treatment
with a 1IN sodium hydroxide solution in the amount of distilled water used.

Figure 1. DIUCHE (a), DOROL (b), DOROTER (c) and DOSO (d) samples.

2.2. Structural Analysis by X-Ray Diffraction (XRD)

In order to determine structural information for the four fibers, samples studied,
an analysis was performed using a Bruker diffractometer with the following char-
acteristics: Cu Kal anticathode with wavelength variation at A = 1.5418 A, voltage
V =40 kV, and current I = 30 mA. The angle was used over 6° < 26 < 80° with
steps of 0.02° and a time-frequency step of 2 s, in the Bragg-Brentano &/ config-
uration. The maximum intensities of the models used are both qualitative and
semi-quantitative [21] [22].

The Crystallinity Index (CI) is obtained using Segal’s method according to the
relation CI = (Tooz — Iam)/Tooz X 100, where Igo, is the maximum intensity at the angle
26, and L., is the intensity of the amorphous portion. This relation gives the ratio

between the crystalline and amorphous phases of the material.
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2.3. Analysis by Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

The chemical bonds and surface functional groups of plant fibers were determined
by ATR-FTIR. FTIR spectra were acquired using a Perkin Elmer front-end spec-
trometer. Data were collected in the Far North region of Cameroon and subjected
to instrumentation conditions ranging from 400 to 4000 cm™, with 16 scans and
a resolution of 1 cm™. All spectra were corrected for background and baseline
noise and normalized to the most intense peak. Background spectra were acquired

under ambient conditions.

2.4. Morphological Analysis by SEM

The morphology and homogeneity of our DIUCHE, DOROL, DOROTER, and
DOSO fiber samples are examined using images obtained with the Zeiss Imager
A2M microscopy system, which can produce particles down to 2 pm in size. This
Scanning Electron Microscopy (SEM) allows us to observe the surface topography
at both the nanoscale and macroscale with high resolution, using the principle of
electron-matter interactions. The instrument used (GEMINI model) is coupled to

a Zeiss SUPRA 55VP energy-dispersive X-ray spectrometer (EDS).

2.5. Thermogravimetric Analysis (TGA) and Differential Thermal
Analysis (DTA)

Thermogravimetric (TGA) and differential thermal analyses were performed us-
ing a Perkin Elmer Pyris-1 instrument for these four samples. The tests were car-
ried out on fibrous samples from DIUCHE, DOROL, DOROTER, and DOSO,
with a constant heating rate of 10°C/min up to 1200°C under nitrogen. This method
allowed us to determine mass loss with temperature and to assess the degradation

of the fiber structure according to the processing method.

3. Results and Discussion
3.1. XRD Analyses

X-ray diffraction highlights the study of the crystallinity of plant fibers in general.
The diagrams used for the four Hyphaene thebaica fiber samples show reduced
interval curves between 26 = 5 and 40°. The peaks generated by these samples
appear to originate from cellulose crystals [23]. This characteristic jointly assesses
the fiber stiffness and its crystallinity index (CI) while specifying the characteristic
phases [24] on the diffractograms (Figure 2). All four diffractograms show at least
three reflections with a major one, characteristic of natural fibers. Around 26 =
22.30° with minor variances, the four samples exhibit a very intense major peak
corresponding to the cellulose crystallographic plane at (002). Around 26 = 35°,
it is a slight bump belonging to the crystallographic plane (040); the amorphous

zone of cellulose emerges from it for these samples [25] [26]. Specifically, the most
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prominent peak is that of DOROL extracted with water. It appears more crystal-
line due to the maceration process combined with the action of ions from water
molecules. This peak is followed by that of DOSO fibers extracted from an alkaline
medium. The same is true for those extracted underground, namely DOROTER.
An interpretation emerges from these three samples: the presence of microorgan-
isms acting within the plant, leaving a certain heterogeneity around these media
(see SEM), explaining these sharp peaks. These samples nevertheless exhibit an
amorphous zone around 26 = 16.49° close to the (110) lattice of the crystallo-
graphic plane. This gives them the amorphous behavior of cellulose, hemicellu-
lose, pectin, and lignin [27]. DOROL also exhibits the second largest peak in this
sample, although it appears as a bump. This explains its amorphous behavior.
However, around 26=11.12°, the elimination of amorphous constituents occurs,
thus promoting an increase in cellulose crystallinity. This is a significant ad-
vantage for predicting the physico-mechanical properties of the composites to be
formed there. Due to their similarity to the other three samples, this behavior can
be attributed to them. However, the DIUCHE sample appears more amorphous
with a boss around 260 = 22.38°. This is confirmed by its crystallinity index of
43.61%. In contrast, the DOROTER samples are strongly influenced by the soil
environment, which could be alkaline or alkaline-earth. Its crystallinity has been
affected by ions from minerals; hence, there are mitigable characteristics. The
DOSO sample seems to perform well with a crystallinity rate of 66.07%, higher
than the other samples. This is explained by the fact that all the characteristic
peaks of its curve are sharp. This also predisposes them to good interfacial adhe-
sion in the fabrication of composite materials, especially with polymers. This con-

firms the crystalline nature of these fibers overall [28].
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Figure 2. XRD of the four samples.

DOI: 10.4236/0jcm.2026.162003 41 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2026.162003

K. Adama et al.

3.2. FTIR Analysis

The FTIR curves of the four samples DIUCHE, DOROL, DOROTER, and DOSO
show similarities along the spectra, with some disparities. This is explained by
variances arising from the different extraction techniques used for these fibers.
The similarity is already apparent in the common presence of cellulose, hemicel-
lulose, and lignin. Thus, the broad band appearing in the 3200 - 3600 cm™ region
is primarily attributed to hydroxyl groups [29] [30]. This area of peaking marks
the increase in hydroxyl groups in the cellulose of the samples [31]. Specifically,
around 3350 cm™, the alcohol group forms at the expense of the OH group of the
hemicellulose components. The peak wavelength around 2900 cm™ is character-
istic of plant fibers and corresponds to the stretching vibration of the aliphatic CH
group. The small peak at 2839 cm™ belongs jointly to the DIUCHE and DOROL
fibers and is specific to the symmetric and asymmetric C-H stretching vibrations
in CH, CH,, and CH; groups of plants. [32] The peak at 1718 cm™ is attributed to
the C=0 group of cellulose and hemicellulose. This is common to the DIUCHE,
DOROTER, and DOROL samples. The absence of this peak in the DOSO sample
is explained by the structural modification undergone by its extraction method. A
slight peak can be observed around 1510 cm™, which shows the rigid character of
all these fibers, favorable to the C=C bonds of the lignin aromatic ring. [33] The
peak at 1433 cm™ is attributed to the CH, group of these four samples. The mul-
tiple sawtooth peaks in the 1200 - 1400 cm™ range are comparable to the C-O
bonds of the aliphatic hemicellulose ring and the C-OCH bonds of cellulose [34].
The intensity of the bands around 1015 cm™ is attributed to the C-O and C=0
stretching of cellulose on the one hand, and to that of hemicelluloses and lignin
on the other [35]. Generally, it can happen that the bands disappear after treat-
ment with an alkali. This is the case for the absorption band of the carbonyl group
C=0 at 1712 cm™, which disappears for the DOSO sample [27], indicating that
this band belongs to a hemicellulose component [6]. This is why hemicellulose is
considered the main component affected by structural modification during the
dissolution of fibers by alkaline solutions [36]. The small peak at 873 cm™ corre-
sponds to glycosidic vibrations of hemicellulose. The flattening of some DOSO
peaks is explained by the surface modification of the fibers dissolved by the alka-
line solution. Hemicellulose is the compound most affected by this modification,
although it is also noticeable in lignin. The weak peaks around 1140 to 1200 cm™
are attributed to elongations of the C-O-C ether groups of cellulose and hemicel-
lulose. The acute peaks at 1050 cm™ are those of the characteristic bands of the
stretching vibrations of the C-O groups of the cellulose contained in the four sam-
ples [37]. Main peaks are recorded in Table 1 below.

For comparison, it is important to note the impact of the extraction method on
these fibers. Immersion of these fibers in an alkaline medium decreased the den-
sity of observable vibrational movements by reducing either the width of the peaks
or by their disappearance. The same is true for the sequestration of these fibers
underground. Indeed, the presence of subsurface microorganisms contributed to
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the removal of physicochemical substances from these fibers. This is visible on the
DOROTER infrared curve; its peaks are much softer than those of DIUCHE and
DOROL. Since the reference curve is that of DIUCHE, which underwent no treat-
ment, a certain similarity in shape is observed compared to DOROL, with sharper
peaks in the latter case. This demonstrates the action of ions contained in water
molecules in promoting and participating in vibrational movements during sub-
sequent chemical bonding, unlike DOSO and DOROTER fibers.

Table 1. Main peaks of the infrared curves of the four samples [31] [38]-[41].

Wavenumber [cm™] Peak description Nature of connection
3500 - 3150 (Bump (broad peak) Characteristic of hydrogen -OH bonds.

2839 Medium peak Symmetric and asymmetric CH stretching vibrations in CH group.
2600 Small peak zf(r)rlll?:tric and asymmetric CH stretching vibrations in CH» and CH3
1718 Sharp peak C=0 grouping of cellulose and hemicellulose.
1643 Sharp peak 1643 cm™ is assigned to H-O-H bending of absorbed water.
1590 Sharp peak Symmetric C=C elongation of the aromatic ring in lignin components.
1049 attributed to C-O stretching in cellulose, hemicelluloses, and lignin or

1520, 1447 and 1335

C-O-C stretching in cellulose and hemicelluloses.

corresponds to the aromatic skeletal vibrations and ring breathing with
C-O stretching of the lignin components of Hyphaene thebaica various
fibers species.

Strong band with medium

peaks for all four samples

1733

1248 - 1059

band of the carbonyl stretching absorption of ester and carboxyl
groups, which are the most abundant in Hyphaene thebaica
hemicelluloses.

The band in the region of 1248 - 1059 cm™ involves the C-O stretching
vibrations of the aliphatic primary and secondary alcohols in the
cellulose, hemicellulose and lignin.

The similarities in the FT-IR characteristics can be attributed to the main com-
ponents of various fiber species (Figure 3), namely cellulose, hemicellulose, and
lignin. Comparing all the spectra at different locations and positions across all
species, the peaks at frequencies of 3410 and 1051 cm™ are the dominant spectral
feature. The strength and width of the band at 3410 cm™ originate from OH
stretching. In contrast, the sharp and intense band at 1049 cm™ is attributed to C-
O stretching of cellulose, hemicelluloses, and lignin, followed by C-O-C stretching
of cellulose and hemicelluloses. Similarly, the intense band at 1643 cm™ is at-
tributed to H-O-H bending of absorbed water. The absorbances at 1520, 1447, and
1335 cm™ correspond to aromatic vibrations of the skeleton and to ring respira-
tion with C-O stretching of lignin components in various species of these fibers.
The distinct band observed at 1733 cm™ is due to absorption of carbonyl stretch-
ing of ester and carboxyl groups, which are most abundant in hemicelluloses. The
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band between 1248 and 1059 cm™ involves C-O stretch vibrations of primary and
secondary aliphatic alcohols in cellulose, hemicellulose, and lignin. Previous stud-
ies have shown that lignocellulosic fibers can undergo significant weight loss due
to the partial dissolution of hemicelluloses, lignin, and pectin when treated with
alkali. The C=0 absorption band of the carbonyl group at 1733 cm™ disappears
upon alkali treatment of natural fibers, proving that this band is due to the hemi-
cellulose component of the natural fibers. A small, distinct band at 903 cm™ re-

sults from a-carbohydrate bonds between the sugar units of hemicelluloses and

celluloses.
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Figure 3. Infrared curves of the four samples.

3.3. Morphological Interpretation

Figures 4-7 present samples with varied appearances depending on whether the
fibers are raw or have undergone different retting techniques. The DIUCHE fiber
samples (Figures 4(a)-(d)) exhibit a very uneven topography, marked by undula-
tions and hollows resembling crocodile skin. This configuration does not offer
perfect homogeneity in the distribution of the resin layer. This impacts the for-
mation of interfacial bonds between this fiber and its resin matrix. Cohesion at
the interface and the interphase will not have the same mechanical performance.
Indeed, shear stresses, which act as pull-out forces, will facilitate decohesion.
Initially, water retting preserves the fiber configuration and microfibrils by
maintaining their interlocking, lamellar arrangement (Figure 4(a), Figure 4(b))
when they remain bound together. As the extraction process continues, the fibers
separate (Figure 4(c), Figure 4(d)). An improvement in roughness is observed
with the progressive disappearance of surface residues, the cause of the undulations
seen in raw fibers. It is certain that the ions present in water molecules create mo-
lecular interactions with essential components of the intrinsic constituents of cel-
lulose. Underground retting is characterized by the presence of mineral matter.

The various rinsing processes had a significant impact on the fibers. Indeed, the
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runoff of powdery material from the ground facilitated the removal of microfibrils
to the surface. This explains why the surface of the fibers in Figures 5(a)-(c) ap-
pears less uneven than those of DIUCHE and DOROL. Concave topography is less
noticeable in this case. This suggests a fairly homogeneous resin formulation on
the fiber, which will result in good arrangement and efficient transmission of re-
sidual stresses from one fiber to another. This will create a perfectly continuous
medium where the constitutive laws of continuum mechanics would find a perfect

model.
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) (d)

Figure 6. DOROTER fibers at various magnifications.

The alkaline environment brought about a change both visually and morpho-
logically. Retting with soda made the fibers lighter and cleaner. Indeed, the surface
impurities in the form of microfibrils were cleaned thanks to the presence of so-
dium hydroxide. These impurities are primarily composed of lignins and hemi-
celluloses. The latter are, in most cases, responsible for the amorphous character
of these fibers observed in XRD curves. The high cellulose content in these Hy-
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phaene thebaica fibers has revealed their intrinsic configuration. Therefore, mor-
phologically, the concave shapes and multiple microbumps have undergone a
kind of leveling, but with many suspended fibrillar particles that serve to accom-
modate resin runoff and fill areas of increased concavity. The interfacial medium
is thus rendered much more linear (Figure 7(a), Figure 7(b)), and the density of

the constituents is made more homogeneous.

—0

() (d)

Figure 7. DOSO fibers at various magnifications.

DIUCHE’s SEM images show a medium of fibers with a highly diverse topogra-
phy. This medium reveals the presence of hemicelluloses and lignin, responsible for
the amorphous character of the microfibrillar areas. This is due to the presence of
impurities and voids in the form of hollows on the surface of the fibers. Further-
more, these contaminants facilitate the separation of the fibers from the matrix.
These impurities were eliminated during the retting process, which acts as a treat-
ment, destroying the lignin to promote adhesion between the constituents [42]. Its
XRD curve perfectly illustrates this. Unlike the DIUCHE fibers, the other three ap-
pear to exhibit a flatness characteristic of the high cellulose content after retting.
This flatness is an interfacial zone conducive to the formation of chemical bonds
between the matrix resin and the reinforcing fibers. Water retting releases both hy-
dronium and hydroxide ions. The latter combine with compatible ions from the
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resin. The thickness of this zone of molecular interactions determines the type of
mechanical bonds due to the potential long molecular chain and the duplication of
functional groups, which is responsible for bond formation and the mechanical per-
formance of the resulting composite material. The same will be true for under-
ground retting, where ions from the water will be replaced by ions from silicates or
other ions resulting from the geochemistry of the soil present. All of these will con-
tribute to obtaining composite materials for structural applications in industrial en-
gineering. In the latter case, the ions released by the caustic soda and the essential
oils of the cellulose in the studied fibers will chemically combine with the type of
resin used. In this particular case, SEM shows us that there will be a good interphase
layer where the interfacial manifestation of all the chemical-mechanical bonds will
be evident. These cavities significantly reduce the mechanical performance of the
fibers, with a surface morphology that does not promote consolidation mechanisms
at the fiber-resin interface. The influence of retting, which provides a surface treat-
ment, facilitates the separation of microfibrils with the elimination of lignin and re-
lease of the fiber-matrix adhesion field through the mobilization of functional
groups, thus ensuring better composite consolidation.

Access to the surface biochemical composition of the fibers would allow for a
significant advance in understanding adhesion mechanisms using the chemical
bonding model. In this study, where the two fibers are of different natures, surface
roughness is a parameter to consider, and the mechanical anchoring model should
be coupled with the chemical bonding model. The high adhesion value for the
hemp/epoxy system supports the use of these fibers in composites. Although the
performance of hemp fibers is lower than that of flax fibers, their price is lower

and more stable over the years.

3.4. Thermal Analyses

Figures 8-11 present the thermogravimetric analysis (TGA) curves and their de-
rivatives on the four Hyphaene thebaica fiber samples. DIUCHE, DOROL, DOR-
OTER and DOSO fibers show similarities in the different phases of thermal trans-

formations, with some disparities depending on the treatment method.
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Figure 8. DIUCHE TGA/DTA curves.
DOI: 10.4236/0jcm.2026.162003 48 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2026.162003

K. Adama et al.

25 10
- 0
20 A
- -10
CIER 20
z | . E
.%n 30 é
= 10 1 - -40
- -50
5 -
- -60
0 T T T T -70
0 200 400 600 800 1000
Température (°C)
Figure 9. DOROL TGA/DTA curves.
251 -0
- -10
20
- -20
J - -30
% 15 =
= - -40 @
%
Z 10 - =
- -50
- -60
5 4
- -70
I G T T T T T T -80
-100 100 300 500 700 900 1100 1300
Température (°C)
Figure 10. DOROTER TGA/DTA curves.
9 1 - 0
8 -
- -10
7 -
6 L 220
E 5 4 -
S0 s
X - -30
24 ;
3 1 - -40
2 4
- -50
1 4
0 T T T T -60

0 200 400 600 800 1000
Température (°C)

Figure 11. DOSO TGA/DTA curves.

The DIUCHE figure presents four phases of thermal degradation. The initial
phase occurs between 15°C and 104°C with a mass loss of 6.77%. It is represented
on the DTG curve by the first endothermic peak at this same temperature. This

first change in the DTG curve is characterized by a rapid, linear descent followed
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by a rise, leaving a somewhat sharp peak. This morphological characteristic of the
curve reflects the first structural change in the DIUCHE fibers. This transformation
remains minimal, as these fibers still retain 93.22% of their major constituents. This
low percentage is generally attributed to the removal of existing moisture due to
the hydrophilic nature of lignocellulosic materials [43] and the removal of any im-
purities present in surface areas of these fibers [44] [45]. The second phase corre-
sponds to the highest mass loss for these DIUCHE samples. It is estimated at
59.46% at a temperature of 378°C. Only 40.53% of essential constituents remain.
These values are reflected on the curve in Figure 8 by a sharp drop in the TGA
curve and a sharp rise in the DTA curve, marked by an exothermic peak.

It is noteworthy that the temperature range varies from 378°C to 382°C, with
an exothermic peak exhibiting a zigzag pattern in 0.19 seconds. This extremely
short time interval demonstrates the abrupt decline of these fibers at this temper-
ature. They continued to resist up to 390°C; beyond this point, the conjugate
curves asymptotically approach their final melting point. Indeed, at the micro-
structural level, this mass loss is accompanied by the destruction of the cellulose
constituents. The significant change in concavity around 363°C marks the begin-
ning of the structural decomposition of hemicellulose, which is followed by the
onset of cellulose decomposition. This phase is one of the most important, as it is
here that all the thermal resilience is observed. This also explains the greatest mass
loss, at 51.69%. The onset of cellulose decomposition corresponds to a tempera-
ture of 390.32°C with a mass loss of 1.73%. Above this temperature, total decom-
position of all constituents occurs, marked by the melting of the fibers.

The DOROL samples share similarities with those from DIUCHE, as shown in
the configuration of the two figures. However, differences are observed in the
structural transformations, as evidenced by peaks in the DTG curves. The first
endothermic peak of the DTG curve appears as a bump at 83.15°C. This explains
the shallow slope of the TGA curve for this temperature range, where a low mass
loss of 4.89% is recorded. The second phase is characterized by a long thermal
resistance duration, approximately 6.63 seconds at 251.89°C. Despite this consid-
erable time, the fibers retain their essential properties. From 251.89°C to 328.55°C,
a significant mass loss of approximately 34.28% occurs, with an exothermic peak
exhibiting a zigzag pattern on the DTG curve. This zigzag-shaped animation
shows the fiber’s final resilience strength. This phase is also marked by a signifi-
cant drop in the TGA curve. Above 328.55°C, a renewed crystallization is visible
as a slight exothermic peak around 422.20°C. This final phase is marked by a mass
loss of approximately 32.22%. It is beyond this temperature that the two curves
asymptotically slope downwards, indicating the progressive transformation of the
fiber into ash. This is why the two conjugate curves asymptotically converge in the
same direction.

Fibers oxidized underground also exhibit the four phases of thermal degrada-
tion, as in the two previous cases. These fibers have been influenced by the organic

and mineral matter of the soil used. The first thermal transformation occurs at
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88.80°C with a slight inverted hump, resulting in a mass loss of approximately
6.52% (Figure 10). This phase is linked to the elimination of water molecules from
the fiber’s moisture content. The second phase, more extensive due to its thermal
stability, begins to transform at 344.85°C. It is characterized by a small exothermic
peak that causes a sharp drop in the TGA curve with a mass loss of 46.61%. Several
structural transformations influence the intrinsic properties of the fiber. It should
be noted that the fiber withstood temperatures up to 254.51°C without mass loss.
Between 344.85 and 359.67°C, the fiber continues to lose mass progressively, de-
spite the presence of zigzag-shaped artifacts. Above 427.93°C, the fiber enters the
final degradation phase of deterioration. The two curves converge asymptotically
towards the same trajectory. It is observed that these fibers, oxidized under-
ground, retain their stiffness [46] [47] up to a temperature of 290.27°C, at which
point the fiber has lost all of its lignin.

The thermograms of the DOSO samples show mass loss trends similar to pre-
vious ones. The TGA curves show three phases in the evolution of its pyrolysis.
The first phase is almost endothermic (DTA curve) with a low concavity peak at
a temperature of 86.33°C. This corresponds to a mass loss of 5.533%, meaning
that 94.47% of the constituents remain intact. A shallow slope of the TGA curve
is observed, characteristic of this low pyrolysis rate. The second mass loss phase is
observed at a temperature of 294.26°C. A double slope is observed at different
gradients. The first slope of the TGA curve for this phase registers 21.72%, and
the second reaches 38.61% at a temperature of 339.26°C. At this temperature, the
fibers still retain 61.39% of their intrinsic constituents. A resurgence of thermal
resistance is visible on the DTA curve with an endothermic peak followed by a
recrystallization phase up to 434.02°C. At this temperature, the DOSO fiber loses
more than 70% of its constituents and begins its structural loss where no internal
reorganization is observable. The mass loss observed around 86.33°C is attributa-
ble to fiber dehydration [48], the removal of volatile surface compounds [46], and
lignin deterioration [49].

This second, exothermic phase corresponds to the pyrolytic decomposition and
oxidation of the dry plant material. During this phase, low molecular weight vol-
atile products are permanently released [50].

The temperature range of the second phase (251°C - 378°C) corresponds to the
destruction of hemicellulose, cellulose, pectin, and a portion of the lignin. The
degradation temperatures of hemicellulose and cellulose range from 320°C to
360°C, while the degradation temperature of lignin is around 400°C [48]. Studies
on wood pyrolysis [50] in general show that hemicellulose decomposition occurs
at 320°C. However, DOSO fibers appear to retain their structure at 339.26°C. The
structural decomposition of cellulose occurs at 434.02°C, while that of lignin is
progressive, starting at 294.36°C and reaching a total melting point exceeding
900°C. The final phase, ranging from 339.26°C to 900°C for these samples, marks
the melting of the organic matter, which is progressively transformed into car-

bonized products. This corresponds to the pyrolytic degradation initiated during
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the second phase. The two curves, TGA and DTA, converge linearly towards the
same asymptotic branch.

Thus, the destruction of most of the structural elements and their reorganiza-
tion for the formation of other chemical bonds, such as the aromatic cyclization
of carbon residues [32] [36], are reflected in the exothermic peaks of the DTA
curve. The main degradation of the DOSO fibers occurs at a temperature above
394.06°C. The results obtained are comparable to those reported in the literature
[52]-[54]. Table II1.6 shows the different degradation temperatures obtained for
the fibers before and after treatment, as well as the mass loss of the sample at the
end of the experiment.

Table 2 above summarizes the major variations in phase changes under thermal
influence. It is clear that the temperature range [83°C; 104°C] corresponds to a
very low mass loss due solely to the evaporation of water present in the fibers for
the four samples studied. This is normal behavior for these fibers due to their in-
itial crystallization. The best behavior at this stage is water retting, followed by
caustic soda retting, and finally underground retting. This confirms the results
obtained by XRD [55]. The second phase corresponds to the structural decompo-
sition of the microfibrils. It ranges from 250°C to 378°C. The DOROL samples
begin their decomposition at 251.89°C, followed by the DOSO samples at 294.36°C,
then the DOROTER samples at 344.85°C, and finally the DIUCHE samples at
378.27°C. It should be noted that this phase is characterized by the thermal re-
sistance of these fibers. This resilience is observed on the various TGA curves by
the almost horizontal portion. The decay is observable on the differential DTA
curves with exothermic peaks or slight bumps on the four thermal figures. Mass
losses with the associated temperatures are recorded in Table 2. These exothermic
peaks mark the degradation of cellulose and lignin [56] at these temperature
ranges. The treated fibers generally exhibit better performance in terms of thermal
resistance. DOSO (296.06°C) is more resistant than DOROTER (291.64°C), which
in turn surpasses DOROL (287.31°C). It is clear that the treatment applied to the
Hyphaene thebaicafibers improves their thermal stability. This confirms previous
results on the degradation of plant fibers [57] with temperature changes. The third
column of Table 2 shows the ultimate resistance temperatures of each of these
samples, because beyond these temperatures, structural deterioration begins in
each one. This final stage can be attributed to the decomposition of the carbon
skeleton within the structure of each sample [58]. The zigzag patterns on the four
curves indicate the breakdown of glycosidic bonds in cellulose and any decompo-
sition of lignin. hence the prediction of their behavior in structural composite ma-
terials. For comparison, DIUCHE and DOROL share similarities, which can be
explained by the fact that water retting did not denature the raw DIUCHE fibers.
The few observed differences likely stem from excess hydronium and hydroxide
ions produced by the water molecules. The decline temperature of DIUCHE is
390.22°C, while that of DOROL is 422.20°C. The decline temperatures of DORO-
TER and DOSO are 430°C and 434°C, respectively. The presence of zigzags
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demonstrates the resilience of these fibers up to a temperature of at least 328°C
for the DOROL sample, which appears to be the least resistant, and up to 382°C
for DIUCHE, the most resistant. Overall, the degradation phases begin with the
drying of the fiber, characterized by a slight loss of mass. Next comes the degra-
dation of hemicelluloses, followed by that of celluloses. This is characterized by a
slight change in the slope of the TGA curve. Finally, the degradation of lignin

occurs.

Table 2. Degradation temperatures and their mass loss.

T: (°C) T2 (°C) Ts (°C) T4 (°C)
104°C 378°C 382.67°C 390.32°C
DIUCHE
(6.77%) (59.46%) (59.92%) 60.65%)0
83.15°C 251.89°C 328.55°C 422.20°C
DOROL
(4.89%) (34.37%) (65.91%) (67.73%)
88.80°C 344.85°C 359.67°C 430.72°C
DOROTER
(6.51%) (46.61%) (60.49%) (74.30%)
86.33°C 294.36°C 339.26°C 434.02°C
DOSO
(5.53%) (21.72%) (38.61%) (70.46%)

T1: Temperature at the onset of degradation; T2: Temperature of first structural modifica-
tion; T3: Crystallization temperature; T4: Maximum degradation temperature; P: Mass loss
rate. Each temperature range is accompanied by its mass loss in parentheses.

Structural disintegration under the effect of temperature is demonstrated by
these analyses. Below 90°C on average, Hyphaene thebaica fibers retain a large
quantity of their chemical and organic resources; consequently, they still possess
their resilience capacity. The shallow slope observed on the TGA curve predis-
poses the material to a resilient character tending towards a behavior close to duc-
tility. It should therefore be emphasized that all these fibers embedded in a poly-

mer matrix will exhibit even better thermal behavior in terms of resistance.

4. Conclusion

Investigations into the microstructural properties of Hyphaene thebaica palm fi-
bers are conducted through analyses aimed at understanding their molecular,
crystallites, morphological, and thermal behavior. This aims to control their com-
binations with polymers and to predict their physical and mechanical properties
within composites. The compatibility between lamellar microfibrils and others,
exhibiting varying concavity roughness accompanied by bosses, will be achieved
with the presence of polymers. These SEM characteristics suggest a crystalline
state on the surface areas of the retted fibers in particular. Sharp peaks in XRD are
characteristic of cellulose crystals. Fibers retted with water and sodium hydroxide
exhibit a more crystalline state than the others. This demonstrates the presence of

microorganisms acting within the fiber, leaving a certain heterogeneity around
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these environments, which explains these sharp peaks. The vibrational move-
ments observed on the FTIR curves predispose these fibers to physicochemical
interactions with organic matter from the polymer matrix. Structural infrared
analyses showed the presence of absorption bands concentrated around 1750 cm™
and 1050 cm™ on the DOSO, DOROL, and DOROTER samples; this indicates
that the treatments eliminated hemicelluloses and some of the lignin. This factor
impacts the crystallinity of these fibers and the size of the crystallites they contain.
This characteristic suggests good performance in the production of composites
using these constituents, because it is a theoretical prediction based on fiber char-
acterization. Specifically, thermal tests showed an overall mass loss ranging from
5.53% to 74.30%. ADT analysis shows that these fibers begin to degrade under
thermal effects at temperatures ranging from 251°C for the least resistant to 378°C
for the most resistant. It can be concluded that these fibers can withstand thermo-

compression in the production of fiberboard panels.
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