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ABSTRACT: In response to the growing environmental threats and pollution linked to synthetic plastics, current scientific inquiry
is prioritizing the advancement of biodegradable materials. In this context, this study investigates the possibility of developing fully
biodegradable materials using plant fibers extracted from the Diss plant (dmpelodesmos mauritanicus) as reinforcement in poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)-based biocomposites. The biocomposites were prepared by melt blending in the
following weight ratio: PHBV/Diss fibers 80/20. The chemical structure of Diss fibers was characterized by Fourier transform
infrared spectroscopy (FTIR) and X-ray fluorescence spectrometry (XRF). The impact of Diss fibers on the mechanical properties
of biocomposites has also been investigated in comparison to neat PHBV. FTIR and XRF analyses identified cellulose,
hemicellulose, and lignin as the main components of Diss fibers. On the other hand, the results showed a significant enhancement
of Young’s modulus (~21%) of PHBV/DF biocomposites in comparison to neat PHBV due to a better dispersion of the fibers in
the matrix, as confirmed by atomic force microscopy (AFM) images.
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1. Introduction

Oil-based polymers are widely used in various industrial applications due to their versatile and desirable properties,
such as high durability, processability, and stability. These characteristics make them essential in sectors such as
packaging, automotive, and electronics. However, the widespread use of these polymers leads to the generation of
significant amounts of waste that are difficult to recycle, posing potential risks to human health and the environment
[1]. For instance, these waste materials can release toxic substances when degraded or incinerated. The environmental
impact of this waste is further amplified by projections indicating that the land area occupied by such waste could double
by 2050 [2], highlighting the urgency of finding more sustainable alternatives. To mitigate this issue, it is crucial to reduce
the reliance on petroleum-based materials by incorporating green, biodegradable, and biocompatible alternatives into
production processes. Biodegradable polymers, with their excellent processing properties and significantly lower
environmental impact compared to conventional plastics, have increasingly been recognized as a viable and sustainable
replacement for traditional plastics. Their adoption could help reduce plastic pollution and promote a more
environmentally friendly, circular economy [3,4].

Among this class of polymers, Polyhydroxyalkanoates (PHA) represent a promising class of polymers due to their
thermoplastic and biodegradable properties, positioning them as potential alternatives to petroleum-based polymers [5].
These versatile polyesters are produced by various bacterial species as intracellular compounds for carbon and energy
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storage [6]. In addition to their thermoplastic processing capabilities, PHAs are valued for their biodegradability and
biocompatibility [7]. However, despite these advantageous properties, the high production cost and limited material
performance hinder the broader adoption of PHAs in many industrial applications. In this context, Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a specific type of PHA, stands out for its highly crystalline structure,
biocompatibility, non-toxicity, and biodegradability. PHBV is synthesized through bacterial fermentation, positioning
it as a promising and sustainable alternative to conventional petroleum-based polymers [8,9]. Its environmental benefits
make it an attractive candidate for replacing traditional plastics in various applications. However, similar to other PHAs,
the adoption of PHBV is hindered by certain limitations, including poor thermal and mechanical properties and high water
vapor permeability [10]. These drawbacks limit its use in industries that require more durable and moisture-resistant
materials, such as the packaging and automotive sectors. To overcome these challenges, several strategies have been
explored, including chemical modifications, polymer blending, and the incorporation of fillers, which aim to improve
PHBV’s performance and enhance its viability for more demanding industrial applications [2,7,11,12].

In this regard, incorporating natural fibers into the PHBV matrix has emerged as a promising strategy to enhance
its properties. Researchers have increasingly focused on plant fibers as reinforcements due to their numerous advantages,
including their abundance, low cost, low density, and favorable mechanical and thermal properties. Plant fibers such as
spruce, olive stone, olive pomace, and flax have been investigated for their potential to improve the performance of
PHBYV, making it more competitive with conventional plastics [13—16]. These natural fibers not only enhance the
mechanical properties of PHBV but also provide environmental benefits, as they are renewable, biodegradable, and
contribute to a more sustainable lifecycle for composite materials. By integrating these fibers, the resulting composites
can offer improved performance and reduced environmental impact, aligning with the growing demand for eco-friendly
alternatives to traditional plastics.

Ampelodesmos mauritanicus, commonly known as Diss, is a species from the Poaceae family and is one of the
most abundant plant species along the Mediterranean coast [17]. This plant has gained significant attention due to its
promising mechanical properties, hydric characteristics, and environmental sustainability. Recently, Diss has started to
attract research interest, particularly in the fields of cement reinforcement [18] and polymer composites [19-21]. In
their study, Zaid et al. [18] explore the use of Ampelodesmos mauritanicus (Diss) fibers in lightweight building
materials. The fibers were treated with hot water to improve their compatibility with an air lime-based binder chosen
for its low emissions. The results showed that, although compressive strength decreased, the addition of Diss fibers
significantly improved flexural strength by 86.5% at an optimum fiber content of 3 volumes. The fibers also changed
the mode of fracture from brittle to ductile behavior, improving the material’s toughness and deflection capacity, and
making it suitable for lightweight construction applications. On the other hand, Nouri et al. [19] investigated the use of
Diss fibers to reinforce polypropylene (PP). They tested various fiber treatments (acetic acid, silane, NaOH, thermal) at a
10% fiber content. The results showed that NaOH-treated fibers provided the best mechanical performance, with a 30%
improvement in tensile modulus, a 22% increase in bending modulus, and a 9% enhancement in bending stress. When
varying the fiber content, an improvement in tensile modulus was observed when the fiber content was below 20%.
However, despite its potential, there is limited research exploring the use of Diss fibers as reinforcement in
biodegradable polymers such as PHBV. Most studies have focused on more widely used fibers like flax or hemp, with
only a few investigating the unique characteristics of Diss fibers and their potential role in enhancing the properties of
biodegradable composites. This gap in research highlights the need for further exploration into how Diss fibers could improve
the performance of sustainable materials, particularly in the context of biodegradable polymer-based composites.

Given the promising properties of Diss fibers, this study aims to investigate their potential as reinforcements for
PHBYV biocomposites. Specifically, we will analyze the chemical structure of fibers extracted from Diss and assess their
impact on the mechanical properties of PHBV composites with a fiber loading rate of 20 wt. %. This study aims to
provide insights into how Diss fibers can enhance the performance of PHBV, contributing to the development of more
sustainable and environmentally friendly composite materials. The results could offer valuable information for optimizing
the use of natural fibers in biodegradable polymer-based composites, thus expanding their potential applications.

2. Materials and Methods
2.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) granules with a 92:8 HB/HV molar ratio were provided
by Tianan Biological Materials Co., Ltd. (Ningbo, China) and are designated as ENMAT Y 1000P. According to the
manufacturer’s technical data sheet, the key physical properties of this biodegradable polymer include a density of 1.25
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g/cm?, a melting temperature (T) of 165 °C, and a glass transition temperature (Tg) of 8 °C. Diss (dmpelodesmos
Mauritanicus) plant were collected in Bejaia, Algeria.

2.2. Fiber Extraction

Diss fibers (DF) were extracted following the procedure described in our previous articles [13,22]. Briefly, the
stems of the Diss plant were submerged in water for 25 days to facilitate the fiber extraction process. After this period,
the fibers were manually extracted using a wire brush to separate them from the stems. Once extracted, the fibers were
cut into lengths of approximately 5 to 7 mm using scissors (see Scheme 1). The fibers were then air-dried for 48 h to
remove surface moisture, followed by a final drying step in an oven at 80 °C for 24 h to eliminate any residual moisture.
This ensures that the fibers are fully prepared for use in the elaboration of biocomposites.

Diss fibers
(5-7 mm)

Fiber extraction

Pectin

Lignin

Hemicellulose

Cellulose

Diss plant

Scheme 1. Schematic representation of the different stages of fiber extraction from the Diss plant: (a) Diss plant, (b) retting, (c)
fiber extraction and (d) ready-to-use Diss fibers.

2.3. Biocomposite Preparation

PHBYV granules and Diss fibers (DF) were pre-dried at 60 °C for 24 h to remove any moisture present, preventing
potential hydrolytic degradation of PHBV during processing. After drying, the biocomposites were prepared by melt
mixing at an 80/20 weight ratio of PHBV to Diss fibers. The mixing was carried out using a Brabender mixer (model
W 50 EHT) under controlled processing conditions, which included a screw speed of 40 rpm, a residence time of 5 min, and
a temperature of 180 °C. For comparative purposes, a neat PHBV formulation was also prepared under the same conditions.

2.4. Characterization Techniques
2.4.1. Density Measurement

The density of Diss fibers was determined using the pycnometer method. In this procedure, the pycnometer is
initially filled with ethanol, and the Diss fibers are subsequently submerged in the liquid. The mass of the pycnometer
is measured both with and without the fibers, and the fiber density is calculated based on these measurements. The fiber

density is subsequently determined using the following formula:
my

p =
Maic — M(f+aic)

where: myis the mass of the pycnometer filled with fibers, m.. is the mass of the pycnometer filled with ethanol and
Mm+ale) 1S the mass of the pycnometer filled with ethanol and fibers.
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2.4.2. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The chemical structure of Diss fibers was analyzed using ATR-FTIR with an FTIR spectrometer (NICOLET IS50
FTIR, Waltham, MA, USA). Spectra were recorded in the 4000-600 cm ™' range with a spectral resolution of 4 cm™!,
utilizing 40 scans in absorption mode. Samples were prepared as pellets using a manual press under a pressure of 10
kg/m?, and a diamond ATR crystal was used for direct sample exposure during the measurement.

2.4.3. X-ray Fluorescence Spectrometry (XRF)

The SciAps X-200 X-ray fluorescence spectrometer (Andover, MA, USA) was employed to analyze the elemental
composition of Diss fibers. This technique works by observing the interaction of atoms within the fibers with X-ray
radiation, allowing for the identification and quantification of various elements present.

2.4.4. Atomic Force Microscopy (AFM)

The roughness of PHBV and PHBV/Diss fibers biocomposites was studied using an Asylum Research Model
MFP-3D AFM (Karlsruhe, Germany) at ambient temperature, over an area of 3000 um?, with a scanning frequency of
0.5 Hz. Average roughness was calculated from the average height of irregularities observed in the direction
perpendicular to the surface of the samples.

2.4.5. Tensile Test

Tensile properties of neat PHBV and PHBV/Diss fibers biocomposites were assessed using the Zwick/Roell Model
BZ2.5/TNIS test device (Ulm, Germany). According to ISO 527, tensile tests were performed in a laboratory with a
temperature of 23 °C and 48% HR. The speed of loading was 1 mm/min. Each material underwent testing on a minimum
of five specimens, and the results were expressed as mean values.

3. Results and Discussion
3.1. Density Measurement

The density of Diss fibers was measured at 1.18 + 0.01 g/cm?, similar to the value reported by Badagliacco et al.
[23], who reported a density of 1.09 g/cm?. This value is notably lower than that of other commonly utilized fibers, such
as kenaf (1.9 g/cm?), sisal (1.45 g/cm?®), lin (1.4 g/cm?) and jute (1.3-1.5 g/cm?) [22].

It is important to emphasize that fiber density has a direct influence on the mechanical properties of composite
materials [24]. Indeed, fibers with a higher density tend to enhance the rigidity and strength of the composite, making
it more durable and robust. On the other hand, fibers with a lower density, like those of Diss, contribute to composites
that perform better in terms of heat dissipation and impact resistance, which is beneficial for applications where
lightweight and energy-absorbing properties are desired. This highlights the inherent trade-off between achieving high
mechanical performance and maintaining lightweight characteristics in fiber-reinforced composites.

3.2. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR-ATR spectrum of Diss fibers (Ampelodesmos mauritanicus) was employed to analyze their chemical
structure, as presented in Figure 1. A broad band observed at 3331 cm™! is attributed to the stretching vibrations of
hydroxyl groups (-OH) found in cellulose, as well as the presence of water molecules absorbed within the fiber structure.
The peak at 2891 cm™! corresponds to the stretching vibrations of CH2 bonds, which are prevalent in both cellulose and
hemicellulose. These vibrations are indicative of the methylene groups (-CH--) present in the polysaccharide chains of
the fibers [13,25].

Further, two additional absorption bands are observed at 1770 cm™! and 1239 ¢cm™!. The band at 1770 cm™' is
commonly associated with the C=0 stretching vibrations of acetyl groups, which are part of the hemicellulose structure,
or with the carbonyl groups found in lignin. Similarly, the band at 1239 ¢m™! corresponds to the C-O stretching
vibrations of these acetyl groups or the carboxylic acid bonds present in lignin, a major component of plant fibers. These
bands are significant as they highlight the presence of hemicellulose and lignin, which are key structural elements in
the fiber matrix [26].

The combination of these absorption peaks confirms the typical chemical composition of plant fibers, which are
primarily composed of cellulose, hemicellulose, and lignin, as extensively documented in the literature [27,28].
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Figure 1. FTIR-ATR spectra of Diss fibers.

3.3. X-ray Fluorescence Spectrometry (XRF)

Table 1 illustrates that the light substance (L.S) constitutes the main component of Diss fibers, accounting for
92.39%. This dominance can be attributed to the high concentrations of cellulose, hemicellulose, and lignin, which are
vital polysaccharides contributing to the structural integrity of plant fibers, as confirmed by FTIR-ATR analysis. These
polysaccharides form the backbone of plant cell walls, providing both strength and flexibility to the fibers.

In addition to these primary components, the chemical composition of the fibers also includes important elements
such as potassium (K), calcium (Ca), aluminum (Al), silicon (Si), and sulfur (S) [29]. Calcium, in particular, is
considered an essential macronutrient in plants, playing a significant role in the formation of plant cell walls. According
to Ipilakyaa et al. [30], calcium influences various mechanical properties of plant tissues, such as strength, stiffness,
and permeability. This makes it a critical factor in determining the overall mechanical performance of plant fibers. By
contributing to the rigidity and structural integrity of the plant, calcium helps improve the fiber’s ability to withstand
external stress and environmental factors.

Table 1. XRF analysis of Diss fibers.

Elements Conc. Value (wt. %)
Light substance (LS) 92.39
Silicon (Si) 6.18
Potassium (K) 535.11 PPM *
Manganese (Mn) 31.40 PPM
Nickel (Ni) 12.25 PPM
Zinc (Zn) 575.19 PPM
Lead (Pb) 11.64 PPM
Aliminium (Al) 1559.66 PPM
Sulfur (S) 3844.50 PPM
Calcium (Ca) 6279.71 PPM
Iron (Fe) 310.27 PPM
Copper (Cu) 1026.40 PPM
Strontium (Sr) 111.12 PPM

* PPM: Parts Per Million.

3.4. Atomic Force Microscopy (AFM)

Figure 2a and 2b present AFM images of neat PHBV and PHBV/DF biocomposites, respectively. In Figure 2a, the
surface of neat PHBYV is observed to be relatively smooth, with some minor defects likely resulting from the fracture
process. The surface roughness of the neat PHBV is measured at 65.12 nm, indicating a smooth texture overall. On the
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other hand, Figure 2b shows the surface of the PHBV/DF biocomposites, which exhibits a significant increase in
roughness, measuring 148.26 nm. This increased roughness suggests the presence of Diss fibers and indicates that the
addition of the fibers disrupts the smooth surface of the polymer. The notable increase in surface roughness is often
associated with poor interfacial adhesion between the fibers and the polymer matrix [31]. Such weak adhesion can lead
to inefficient load transfer during mechanical loading, which is consistent with the lower tensile strength observed in
the biocomposites. These findings align with similar studies, such as that of Hachaichi et al. [31], who reported
comparable results for high-density polyethylene (HDPE) biocomposites reinforced with date palm fibers. They also
noted the formation of a relatively weak bond between the fibers and the matrix, further emphasizing the importance of
improving interfacial adhesion for optimal composite performance.
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Figure 2. AFM images of: (a) neat PHBV and (b) PHBV/DF biocomposites.

3.5. Tensile Test

Figure 3a presents the stress histograms for PHBV and PHBV/DF biocomposites. The results indicate that the
tensile strength decreases upon the incorporation of Diss fibers into the PHBV matrix. This trend is consistent with the
findings of Mazur et al. [32], who observed a similar reduction in tensile strength when sisal fibers were incorporated
into poly(3-hydroxybutyrate-co-3-hydroxyvalerate). The decrease in tensile strength is likely attributed to the poor
adhesion and compatibility between the hydrophobic PHBV matrix and the hydrophilic Diss fibers [22], which results
in weak interfacial bonding and less effective load transfer during mechanical stress. In this context, our previous
publications [13,22] have investigated the effects of chemical modifications on Diss fibers and their influence on the
properties of PHBV/Diss fiber biocomposites. The chemical treatment of Diss fibers, which includes the removal of
non-cellulosic components and the improvement of fiber surface roughness, improves fiber-matrix interfacial bonding.
These modifications improve the compatibility between fibers and matrix, which increases the tensile and impact
strength of biocomposites.



Sustainable Polymer & Energy 2025, 3, 10001 7 of 10

On the other hand, the Young’s modulus (Figure 3b) showed a significant increase of approximately 21.3%
compared to the pure PHBV matrix. This enhancement can be attributed to the intrinsic stiffness of the Diss fibers,
which contribute to the formation of a more rigid interface between the fiber and the polymer matrix [1]. As noted by
Hassaini et al. [27], the improvement in Young’s modulus is often linked to better dispersion of the fibers within the
polymer matrix, as well as the reinforcement effect provided by the fibers themselves. However, it is important to note
that the increased stiffness of the biocomposites limits the matrix’s ability to deform elastically. This results in a
reduction in the matrix’s capacity to undergo deformation in the elastic zone, thus affecting the overall flexibility of the
composite material.
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Figure 3. (a) Strength, (b) Young’s modulus and (¢) elongation at break of neat PHBV and PHBV/DF biocomposites.

4. Conclusions

The aim of this article is to explore the feasibility and potential of using Diss fibers (DF) as reinforcement in
biopolymer matrices, specifically PHBV, for the development of fully biodegradable biocomposites via melt blending,
with a PHBV/DF ratio of 80/20 wt. %. The fiber density and chemical structure were analyzed using FTIR and XRF
techniques, providing insights into the composition and molecular structure of the Diss fibers. The mechanical tensile
properties of the resulting biocomposites were evaluated, and the Young’s modulus showed a significant increase upon
the addition of the fibers, indicating enhanced rigidity. However, the tensile strength of the biocomposites decreased,
which can be attributed to the poor interfacial adhesion between the Diss fibers and the PHBV matrix. This lack of
strong bonding was further confirmed by AFM imaging, which revealed rougher surfaces and weak interfacial
interaction between the fibers and the polymer. These findings highlight both the potential and challenges associated
with incorporating Diss fibers into biopolymer matrices for biodegradable composite applications.
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