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ABSTRACT

This study aims to develop and characterize innovative biocomposite materials using waste plant
compounds and commonly found wastes in Algeria for effective thermal insulation in civil and mechanical
engineering applications. The goal is to create materials with mechanical and thermo-physical properties equal
to or surpassing those of traditional construction materials, thereby reducing environmental impact and

construction costs while promoting sustainable waste management practices.

In the first place, Date palm leaflet waste (DPF) is used as reinforcement, and melting polystyrene (PS) is
used as a matrix. Three categories of fibers, untreated fiber (UDPF), alkalinized fiber (ADPF), and benzoylated
fiber (BDPF), are employed to create samples with fillers of 10%, 20%, and 30% (by weight). The composites
were produced using the melt-mixing method and hot compression molding. In this study, various
morphological, mechanical, and thermophysical tests were conducted on the composites to assess their
potential as thermal insulators. The bulk density, pore size, and distribution of the fibers and composite were
assessed using the Mercury Intrusion Pore Measurement method (MIP). Tensile and three-point bending tests
were performed using a traction machine type INSTRON 5969. The thermal conductivity was measured using
a CT-meter device. Results show that Alkalinization and benzoylation treatments improved the interfacial
interaction between the hydrophilic fibers and the hydrophobic polystyrene, as confirmed by SEM and FTIR
analyses. XRD studies indicated the highest crystallinity index for ADPF. The results of PS-DPF composites
demonstrated satisfactory tensile and flexural strength of 14-44 MPa, The chemical treatments enhanced
strength while slightly decreasing modulus (2.9-5.9 GPa). Thermogravimetric analysis revealed increased
thermal stability for composites with 30% untreated and treated fibers. These composites exhibited low thermal
conductivity (0.118-0.141 W/ (m.K)) and decreased bulk density after incorporation fibers (860 -980 kg/m3).
Replacing one-third of conventional building materials with PS-DPF composites showed a reduction in thermal

conductivity by up to 50%, highlighting their potential in thermal insulation applications.

The second research endeavor explores the valorization of common wastes—date palm petiole fibers (DPP)
and expanded polystyrene waste (EPS)—to elaborate a gypsum plaster hybrid biocomposite. Hand-made
samples with varying DPP mass loadings (0%, 5%, 10%, and 15%), EPS mass ratios (0.3%), or both were
examined through morphological, mechanical, and thermophysical tests. Despite a reduction in mechanical
properties, the hybrid biocomposites exhibited lower thermal conductivity of 0.2645-0.425 W/ (m.K) and bulk
density of 852-977 kg/m3 compared to neat gypsum plaster (NGP). The study positions gypsum plaster
reinforced with DPP, EPS, or both as a potential alternative to traditional insulation materials, offering a

sustainable solution for construction purposes.

Keywords: biocomposite material, Date palm waste, Polystyrene, Gypsum plaster, Mechanical properties,

Thermophysical properties, Insulating materials.



RESUME

Cette étude vise a développer et a caractériser des matériaux biocomposites innovants utilisant des
composés de déchets végétaux et des déchets couramment trouvés en Algérie pour une isolation thermique
efficace dans les applications de génie civil et mécanique. L'objectif est de créer des matériaux ayant des
propriétés mécaniques et thermophysiques égales ou supérieures a celles des matériaux de construction
traditionnels, réduisant ainsi l'impact sur I'environnement et les cofits de construction tout en promouvant des

pratiques de gestion durable des déchets.

En premier lieu, les déchets de feuillets de palmier dattier ont utilisés comme renfort, et le polystyréne
fondu (PS) comme matrice. Trois catégories de fibres, les fibres non traitées (UDPF), les fibres alcalinisées
(ADPF) et les fibres benzoylées (BDPF), sont utilisées pour fabriquer des échantillons avec des charges de 10
%, 20 % et 30 % (en poids). Les composites ont été produits en utilisant la méthode de mélange par fusion et
le moulage par compression a chaud. Dans cette étude, divers tests morphologiques, mécaniques et
thermophysiques ont été effectués sur les composites afin d'évaluer leur potentiel en tant qu'isolants
thermiques. La densité apparente, la taille et la distribution des pores des fibres et du composite ont été évaluées
a l'aide de la méthode de mesure des pores par intrusion de mercure (MIP). Des essais de traction et de flexion
en trois points ont été réalisés a l'aide d'une machine de traction de type INSTRON 5969. La conductivité
thermique a ¢ét¢é mesurée a l'aide d'un appareil CT-meter. Les résultats montrent que les traitements
d'alcalinisation et de benzoylation améliorent l'interaction interfaciale entre les fibres hydrophiles et le
polystyréne hydrophobe, comme le confirment les analyses MEB et FTIR. Les études XRD ont indiqué l'indice
de cristallinité le plus élevé pour I'ADPF. Les résultats des composites PS-DPF ont montré une résistance a la
traction et a la flexion satisfaisante de 14-44 MPa, les traitements chimiques améliorant la résistance tout en
diminuant légérement le module d’élasticité (2,9-5,9 GPa). L'analyse thermogravimétrique a révélé une
stabilité thermique accrue pour le composite contenant 30 % de fibres non traitées et traitées. Ces composites
présentent une faible conductivité thermique (0,118-0,141 W/(m.K)) et une densité apparente réduite aprés
l'incorporation de fibres (860 - 980 kg/m?). Le remplacement d'un tiers des matériaux de construction
conventionnels par des composites PS-DPF a montré une réduction de la conductivité thermique allant jusqu'a

50 %, soulignant leur potentiel dans les applications d'isolation thermique.

Le deuxiéme matériau étudi¢ explore la valorisation de déchets communs - fibres de pétiole de palmier
dattier (DPP) et déchets de polystyréne expansé (EPS) - pour créer un biocomposite hybride a base de platre.
Des échantillons fabriqués a la main avec différentes charges massiques de DPP (0 %, 5 %, 10 % et 15 %), de
ratio massique constant d’EPS (0,3 %) ou les deux ont été examinés par des tests morphologiques, mécaniques
et thermophysiques. Malgré une réduction des propriétés mécaniques, les biocomposites hybrides ont présenté
une conductivité thermique inférieure de 0,2645-0,425 W/(m.K) et une densité apparente de 852-977 kg/m?
par rapport au platre de gypse pur (NGP). L'étude positionne le platre renforcé avec de la DPP, du EPS ou les
deux comme une alternative potentielle aux matériaux d'isolation traditionnels, offrant une solution durable

pour la construction.

Mots-clés : matériaux biocomposites, déchets de palmier dattier, polystyréne, platre de gypse, propriétés

mécaniques, propriétés thermophysiques, matériaux d'isolation.
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GENERAL INTRODUCTION

Due to the inadequate insulation properties of most building materials, there has been a
significant rise in worldwide energy consumption in the residential [1]. Moreover, the
manufacturing of traditional materials like cement, bricks, and steel gives rise to a multitude
of environmental problems, including contamination of the air, water, and land [2].
According to the International Institute of Refrigeration in Paris (IIF/IIR), around 15% of
global electricity production is dedicated to refrigeration and air-conditioning. Additionally,
air-conditioning systems are estimated to contribute to 45% of energy consumption in
residential and commercial buildings. Insulating materials have a crucial role in designing
and constructing energy-efficient buildings [3]. Hence, using sustainable and biodegradable
bio-based materials to create more valuable environmentally friendly chemicals and bio-
based commodities has motivated many researchers to explore the feasibility of employing

natural fibers as strengthening materials for eco-friendly biocomposites [4].

Vegetal fibers, used alone or as additives in composite construction materials, are
becoming increasingly popular due to their advantages. These advantages include their easy
availability, low cost, capacity to decompose naturally, renewable nature, widespread
availability, lack of hazardous properties, and absence of pollution-causing characteristics
[5]. Moreover, the reduced density of natural fibers renders them viable substitutes for
specific synthetic fibers such as glass, carbon, and aramid fibers [6]. While it is often
observed that incorporating natural fibers into polymer matrices tends to reduce their

mechanical strength, there are exceptions to this trend [7].

The properties of natural composites are determined by the matrix, fibers, and the
bonding between them [8]. The adhesion between the reinforcing fibers and the matrix
greatly influences a composite material's overall mechanical and physical properties. Several
research have investigated this subject. Employ many chemical methodologies, including
alkaline and silane treatments, Graft Copolymerization, Acetylation, benzoylation, and

peroxide treatments, to enhance the adhesion between the matrix and reinforcement [9].

It is essential to acknowledge the significance of date palm fibers (DPF) as a type of
natural fiber, given the large amounts produced and discarded worldwide. Using this
organic fiber as a primary material would enhance the utilization of renewable natural

resources [10].
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Polystyrene (PS) is frequently used in the electronics, food packaging, and kitchen
appliance sectors due to its outstanding dielectric properties and dependable dimensional
stability [11]. Furthermore, it is commonly used as a thermal insulator [2]. Significant
amounts of polystyrene trash are produced in both domestic and industrial environments.
Despite being non-biodegradable, the production, utilization, and disposal of polystyrene
have a harmful effect on the environment. Consequently, scientists have investigated
alternative uses for polystyrene, such as using it as a compound to advance composite

materials [12].

Gypsum plasters are commonly used in building construction due to their efficient
production method, wide availability, and cost-efficiency. Moreover, gypsum can undergo
several recycling cycles with the implementation of an appropriate technique [13].
Nevertheless, plaster has several disadvantages, such as its intrinsic fragility, limited ability
to resist cracking, and unsuitability for external plaster applications due to its incapacity to

endure moist conditions.

In these environmental, economic, and innovation contexts, the present work aims to
elaborate and characterize two new biocomposite materials to serve as effective thermal
insulation for structures and building construction. The materials developed are based on
waste (date palm fibers) distributed within a polystyrene matrix in the first material and in a
gypsum matrix in the second material, considering different parameters such as fiber ratio
and chemical treatment. This biocomposite's morphological, thermo-physical, and

mechanical properties are obtained by experimental analysis.

The primary concern of this work is whether these new biocomposites will satisfy the
technical and economic requirements for their use in thermal insulation in construction

buildings.

For a detailed and in-depth study of this issue, this manuscript is subdivided into four

chapters:

This thesis's first chapter presents a few definitions concerning composite materials,
encompassing classifications, historical evolution, and utilization, limiting ourselves to
natural fiber-reinforced composites. Then, we will focus on date palm wood, presenting its
composition, morphology, Distribution, and summary of the mechanical and physical
characteristics of palm wood. Finally, this chapter ended with a general discussion on

building insulation and thermal comfort.
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In the second chapter, we will present some of the work carried out on composite materials
based on the utilization of polystyrene, gypsum, and date palm fibers, which are the principal

compounds used in our work.

In the third chapter, we present the materials used, the experimental protocols, and the
processes used to produce the two studied biocomposite materials (the first is the date palm
leaflets fiber reinforced polystyrene, and the second is biocomposite based on gypsum,
expanded polystyrene waste, and/ or date palm petiole fiber) we will also present the deferent
morphological, mechanical and thermo physical proprieties tests conducted on the

elaborated samples.

The fourth chapter will discuss the results obtained from the various tests carried out on the
studied composite material, and we will compare our results with those found in the

literature.

Based on this work, an overall view will be proposed in the general conclusion to highlight

the main advances of this work as well as the prospects of the study.
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CHAPTER I. GENERAL ON COMPOSITE MATERIAL AND THERMAL INSULATION MATERIAL

Introduction

In the opening chapter of this study, we delve into the fundamental aspects of composite
materials and thermal insulation. Composite materials, composed of distinct phases, offer
superior performance by combining different materials. We explore the types of
reinforcement fibers, including natural and synthetic varieties, and the essential components
of fiber structure. The chapter also discusses methods for enhancing adhesion between the
matrix and reinforcement. Moving to thermal insulation, we examine its critical role in
maintaining human comfort in built environments. Various insulation materials are
discussed, highlighting their characteristics and applications. This chapter sets the stage for

a deeper exploration of these crucial materials in subsequent sections.

A. Composite material
I.1. Introduction to composites

Composites are material systems consisting of many phases created by combining different
materials to attain enhanced features and performance that the individual components cannot
accomplish. A composite material's achievement necessitates combining at least two
components, namely the reinforcement and the matrix [14] (Figure 1. 1). The amalgamation
of these two distinct phases gives rise to a third phase called the interface or interphase. This
set's characteristics are contingent upon its constituents' attributes, geometric distribution,
relative quantities, and ability to adhere to one another [15]. Typically, reinforcement
imparts mechanical strength to the material, while the matrix facilitates the transmission of
external loads to the reinforcement across the contact. The matrix further safeguards the
reinforcement against external aggressions and occasionally establishes the upper limit of

temperature that the material can withstand for practical application [16].

Matriz
2

O Srl'ue O .'*.I' ol Matrix of different propertics
(:D(I Interphase
O O O q Relnforcement of different properties

Reinlsrcement

Figure 1. 1. Constituent phases of a composite material [18]
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I.2. Interface

The interface can be described as the intricate region of transition between the reinforcing
phase and the matrix (Figure I. 1). This interface enables the transmission of load from the
matrix to the fibers, facilitated by strain compatibility between the two components [17]. In
the event of the interface's early failure, the matrix's deformation or strain is incongruent
with that of the fiber, leading to the inability to transfer load from the weaker matrix to the
more robust fiber component. Put otherwise, it is not possible to attain the reinforcing effect

of fibers on a polymer substrate.

Hence, strain compatibility at the interface is crucial in ensuring the structural integrity of
fiber-reinforced polymer materials. However, achieving strain compatibility becomes
challenging in stressed and/or hostile environmental conditions due to the disparities in
mechanical properties (such as elastic modulus) and physical properties (such as the swelling

ratio) of fibers, and the matrix is a significant factor to consider.

Stress concentration is more prone to occur at the interface than in the fibers or matrix,
resulting in a higher likelihood of microcrack formation between the fiber and matrix. The
load-carrying capacity of the composite material decreases as the microcracks propagate. A
thorough examination of the interfacial characteristics between the fibers and matrix is
essential to utilize this material effectively. In addition, the interface between the fiber and
matrix is of utmost importance in determining the mechanical properties of fiber-reinforced
polymers (FRP) for extended periods, particularly when exposed to harsh environmental

conditions[18].
I.2.1. Mechanism of the interface

As depicted in Figure 1, at the macroscopic level, the interface refers to the shared boundary
between the reinforcement, which consists of fibers in a composite material, and the polymer
matrix. At the micro-scale, the "boundary" referred to is a transition region known as the
interphase, which possesses a limited volume extending zone. This region's chemical,
physical, and mechanical characteristics exhibit continuous or stepwise variations from the
reinforcement to the matrix materials. Based on interphase, a composite fiber can be
subdivided into two distinct components. A component within the structure does not come
into touch with the matrix and retains the inherent qualities of the original fibers. The matrix
impacts the remaining fiber portion, resulting in altered properties compared to the original

Fiber [6].
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Figure 1. 2. Interfacial bonding resulting from (a) molecular entanglement; (b) inter-diffusion
of elements; (c) electrostatic attraction, (d) chemical reaction between groups on
reinforcement and matrix surfaces, (e) chemical reaction forming a new compound,
especially in metal matrix composite (MMC); and (f) mechanical interlocking [18].

Composite materials create interfaces through several mechanisms, such as physical
attraction, molecular entanglement, inter-diffusion, electrostatic attraction, chemical
bonding, reaction bonding, and mechanical bonding, as depicted in Figure 1. 2. Additionally,
low energy forces like hydrogen bonding and van der Waals forces exist. Before the
reinforcement and matrix contact each other during interfacial bonding, physical attractions
such as electrostatic attraction and physical attraction between electrically neutral entities
may occur. After reinforcement and matrix contact, molecule entanglement and inter
diffusion begin. The final connection between reinforcements and matrix is achieved
through processes functioning independently or jointly. Individual bonding processes are

presented in Figure 1. 2[20].

I.2.2. Failure modes

According to the failure location, the failure modes of the interface can be classified into
three types (Figure I. 3): Depending on the bond strength, critical strength of the filaments,
and shear strength of the polymer matrix, these failure modes can occur singly or
simultaneously. Due to the incompatibility between the unprocessed date palm fiber
(hydrophilic) and polyurethane matrix (hydrophobic), the only failure mode observed during
the single fiber pull-out test was debonding failure at the fiber-matrix interface, as reported

by Oushabi et al.[21].
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Figure 1. 3. Failure modes of the interphase: (a) debonding, (b) reinforcement
failure, and (c) matrix failure[ 18].

When the unprocessed date palm fiber was treated with 5 wt% NaOH, more matrix was
attached to the fiber surface. This phenomenon was attributed to alkali treatment exposing
hydroxyl groups on the fiber's surface [21]. Therefore, the matrix's polymer chains can
establish chemical bonds with the fiber surface, enhancing the bond's strength. Liu et al.[22]
Debonding and matrix failures with varying moisture contents were also observed at the

epoxy matrix and palm fiber interfaces.

The debonding failure occurred when the moisture content of palm fibers was 328%. The
water at the fiber/matrix interface diminished the mechanical interlocking between the fiber
and matrix. However, as the moisture content decreased, the bond strength between the palm

fiber and the epoxy increased, and the failure occurred at their interface and/or matrix.

1.3. Reinforcement
1.3.1. Classification

Using fiber-reinforced composites commonly involves incorporating natural and synthetic
fibers as conventional fiber materials. As depicted in Figure I. 4, natural fibers can be
classified into three main categories: plant-based, animal-based, and mineral-based.
Synthetic fibers can be categorized into two main groups: organic fibers and inorganic fibers

[23], [16].

Because our thesis is based on natural fibers, which are date palm fibers common from

plants, we will be interested in plant-based fibers.
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Figure I. 4. Classification of commonly encountered types of reinforcements [16]

1.3.2. Natural Fiber

Natural fibers come from plants, animals, or minerals. Plant fibers are mostly cellulose, a
complex carbohydrate, while animal fibers like hair, silk, and wool are proteins. Plant fibers
include Bast (stem or soft sclerenchyma), leaf or hard fibers, seed, fruit, wood, cereal straw,

and other grass fibers. Figure 1. 4 shows a schematic of fiber classification.

1.3.3. Plant fibers

Plant fibers are typically categorized based on the specific plant parts from which the fibers
are harvested. Therefore, the fibers can be primarily classified into four distinct types,
namely seed fibers, leaf fibers, bast fibers, and fruit fibers. Furthermore, it is worth noting
that plant fibers, such as straw fibers derived from corn, rice, and wheat, grass fibers obtained
from bagasse and bamboo, as well as wood fibers sourced from both softwood and

hardwood, hold significant significance within the textile and composite business [24].
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1.3.4. Plant fiber compounds

Botanical types are the most common classification for natural fibers. Lignocellulosic fibers
consist of a-cellulose, hemicelluloses, and lignin. Additionally, lignocellulosic fibers contain
a small amount of pectin, waxes, and water-soluble compounds [25]. Figure 1.5 and Figure
.6 show the basic chemical structures of cellulose, hemicelluloses, lignin, and pectin. The
chemical composition of several lignocellulosic fibers is shown in Table 1. The composition

and architecture of lignocellulose fibers vary due to plant species, age, climate, and soil
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Figure I. 5. Chemical composition of plant fibers[25]
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Figure 1. 6. An illustration depicting the microstructure of a cellulosic fiber.
a Plant/wood fiber, fibril aggregate, and nanofibril (consisting of cellulose
chains) accompanied by lignin and hemicellulose. b Cross section and
longitudinal section illustrating cry[27]

1.3.4.1. Cellulose
Cellulose (C6H1205)n is classified as an organic compound, specifically a polysaccharide,

composed of a linear arrangement of numerous (1 —4) linked D-glucose units, ranging from
several hundred to over ten thousand in number (its structure showed in Figure I. 5) It is the
primary structural constituent of the cellular walls in green plants and numerous species of
algae. Cellulose, the predominant organic polymer found in abundance on Earth, confers
plants with structural rigidity and resilience to compression. Cellulosic plant fibers typically
exhibit a notable capacity for moisture absorption and a limited degree of dimensional
stability due to their tendency to expand upon exposure to water; it is found in diverse
industrial application products such as paper, textiles, and biocompatible and biodegradable

materials[26].

1.3.4.2. Hemicellulose
The second most abundant organic substance, after cellulose, has 2.6 times more moisture

than lignin. Hemicellulose is a diverse collection of non-cellulosic polysaccharides that
coexist with cellulose and lignin within the cell walls of plants. In contrast to cellulose,
hemicelluloses possess a disordered and branched molecular arrangement. Hemicelluloses,

consisting of diverse sugar monomers, including glucose, mannose, galactose, xylose, and
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arabinose, exhibit greater susceptibility to hydrolysis than cellulose. They link cellulose
fibers together and connect them to lignin, thereby contributing to the pliability of the plant
cell wall[27].

1.3.4.3. Lignin
Lignin is a biochemically derived substance that enhances the structural integrity of plants.

Moreover, it is worth noting that this particular biopolymer, which possesses an aromatic
molecular structure and establishes ester linkages with hemicellulose, ranks as the second
most abundant biopolymer, following cellulose. Lignin molecules are composed of three
primary precursors that serve as active functional groups, specifically coniferyl alcohol (G),
p-coumaryl alcohol (H), and synapyl alcohol (S). The hydrophobic lignin system couples a

separate network and stiffens plant cellulose/hemicellulose[28].

1.3.4.4. Pectin
Pectins exhibit high hydrophilicity due to the carboxylic acid groups they contain[29]. The

pectins, lignin, and hemicellulose bind individual fibers and can be readily hydrolyzed under

elevated temperatures (Figure 1.5).

1.3.4.5. Waxes
Waxes are constituents of the fiber matrix that can be extracted using organic solvents. The

substance consists of various alcohol compounds that exhibit insolubility in water and

certain acids[30].

1.3.5. Surface modification

Given the hydrophilic nature of fibers, it is typically observed that they do not exhibit strong
adhesion with polymer matrices. Various surface modification methodologies have been
employed to address this issue. These alterations not only enhance the ability of the polymer
matrices to be wetted but also decrease the level of moisture absorption. Additionally, they
can occasionally confer distinctive characteristics and facilitate the manufacturing process.
Surface modification commonly encompasses four primary methods: chemical, physical,

and mechanical methods (such as rolling and swaging).

1.3.5.1. Physical alteration of natural fibers
Physical methods include corona discharge, steam explosion, high-energy ray radiation, and

autoclave treatments. Physic-chemical methods combine physical and chemical processes.
These methods reduce the hydrophilic/hydrophobic difference between the fiber and matrix
to improve adhesion [102]. Physical treatments are the most eco-friendly. Plasma treatment

changes fiber and polymeric surfaces' chemical and physical properties while preserving
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their structures and properties [106]. Plasma treatment increases film surface hydrophilicity
and adhesion by forming polar groups. Thus, adding hydrophilic antimicrobial substances to

treated films can improve their properties.[31].

1.3.5.2. Chemical processing of natural fibers
Chemical modifications were implemented on natural fibers to enhance the adhesion

between the matrix and the fibers[32]. Certain chemical modifications have the potential to
result in a decrease in the moisture absorption properties of natural fibers and their

composites.

The majority of chemical modifications applied to natural fibers encompass various
processes such as silanization, alkalization (also known as mercerization), acetylation,
cyanoethylation, benzoylation, isocyanate, dewaxing, esterification, etherification, and graft

copolymerization [33].
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Figure 1. 7. schematic presentations of some chemical surface modification methods
on natural fiber
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Additional modifications of natural fibers can be achieved through various processes such
as crosslinking with formaldehyde, p-phenylenediamine, and phthalic anhydride, as well as

nitration, dinitrophenylation, and transesterification[34] .

The chemical composition of these substances enables them to react with the surface of the
fiber, forming chemical bonds that establish a connection between the fiber and the matrix.
Scheme 1.7 illustrates schematic representations of several surface chemical modifications

applied to natural fibers.

1.3.6. Advantages and disadvantages of plant fibers

Plant fibers play a significant role in the building industry as bio-based materials, offering
considerable potential for addressing the challenges posed by climate change on our planet.
Plant fibers' commendable thermal insulating properties substantiate their potential as viable
alternatives to conventional insulation materials with lower environmental sustainability.
The significance of recognizing the value of plant fibers in tropical climates lies in their
diverse abundance, as they provide the potential to address contemporary climate concerns,
particularly within the building industry. The utilization of unprocessed natural fibers,
namely those derived from plants, presents some drawbacks that impose constraints on their
applicability unless they undergo enhancements. The abovementioned drawbacks could be
attributed to these substances' hydrophilic properties and limited thermal stability [35]. We
have referred to relevant scholarly sources that outline the primary benefits and drawbacks
associated with plant fibers (Table I.1). Several works have been identified for citation in

this context, including [36], [37], and [38].

1.3.7. Classification of composites based on the reinforcement form.

Figure 1.8 depicts the composite material's categorization based on the reinforcements'
configuration. The subject matter can be categorized into three distinct families. A composite
material can be classified as a fiber composite when its reinforcing consists of continuous
(long fibers) or discontinuous (chopped, short fibers). A particulate composite refers to a

composite material whereby the reinforcing takes the form of discrete particles[39].

The "structural" family, the third in this classification, is a combination of the "particle-
reinforced" and "fiber-reinforced" families.These initial two families are distinguished by

the reinforcement's form factor L/d, where L is its length and d is its diameter [40].
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Table I. 1. The advantages and disadvantages of plant-based fibers.

Advantages

Disadvantages

e renewable, biodegradable
resource

e lightweight (low density)

e abandoned in nature

e Jlow environmental impact and
low energy consumption in
manufacturing

e good regulator of internal
humidity in the building

e low-cost price

e non-abrasive for tools

e 1o co2 emission, it absorbs the

poor adhesion to polymers

request control for industrial application
low long-term durability

wide variety of properties for the same
species depending on climate, plant age,
composition, and sampling position
susceptible to microbial attack (rodents)
and fire

fibers discontinuity

dimensional variability (swelling or
shrinkage)

anistropic fibers

co2 emitted by quotidian e quality variation depending on plant

activities growth  location and metrological
e non-toxic (no skin irritation conditions

when fibers are handled) e high water absorption capacity or
e important specific mechanical humidity

properties (rigidity and e high water absorption capacity or

resistance) humidity
e good thermal, acoustic, and e low thermal resistance (200 to 230 °C)

electrical insulators

o
(a) (b) (©)

Figure I. 8. Reinforcement geometry for composite materials: (a) particulate composites, (b)
fiber composites, and (c) laminated composites
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Figure 1. 9. Classification of composites based on the reinforcement form.
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I.4. Matrix

The primary function of the matrix is to establish a connection between the reinforcing
fibers, facilitate the distribution of external forces, impart chemical resistance to the
structure, and determine the desired form of the end product. Fiber-reinforced composites
can be categorized into four distinct groups based on their matrices: metal matrix composites
(MMCs), ceramic matrix composites (CMCs), carbon/carbon composites (C/C), and

polymer matrix composites (PMCs) or polymeric composites[41] (Figure I. 10.).

Composite Materials

B — —
| |
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Thermoplastic -

Elastomer —

Figure 1. 10. Classification of composites based on Matrix
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L.5. Classification of composites based on Matrix

L.5.1. Polymer matrix composite

Polymer matrix composites (PMCs) are differentiated from other composites primarily due

to their lightweight nature. Furthermore, PMCs can be further categorized into thermoset,

thermoplastic, and elastomeric composites. Thermosets are characterized by crosslinked

polymer chains during curing, forming a rigid final product with limited or no reshaping

ability. In contrast to thermosets, thermoplastics possess the unique characteristic of being

capable of undergoing reheating and subsequent remelting [42] Table I. 2.

Table I. 2. comparison between thermosets and thermoplastics [49]

Thermosets

Thermoplastics

To produce parts, cold material is injected
into an extremely heated mold.

Parts are produced by melting plastic and
injecting it into a mold.

Form an irreversible chemical bond

(100% reversible because no chemical bonding
occurs during the procedure)

Not capable of molding or reshaping

Recyclable and susceptible to molding

Comparatively hard to finish on the outside

The surface finishes produced by injection
molding with thermoplastics are flexible,
precise, and aesthetically appealing.

Thermoset injection molding does not
require intense heat and pressure, unlike
thermoplastic injection molding.

High heat and pressure are necessary for
thermoplastic injection molding.

Produced  mainly condensation

polymerization.

by

primarily produced through
polymerization

supplemental

Products manufactured by thermosetting
injection molding include: Handles,
insulation, computer and television
elements,.etc.

The following are examples of products
manufactured by thermoplastic injection
molding: Vacuum cleaners, kettles, toasters,
toys, machine screws, gear wheels.etc

The manufacturing procedure includes
compression, transfer, and casting.

consists of
and Dblast

The manufacturing process
injection molding, extrusion,
molding.

Drawbacks, including:

e Recycling presents problems
e Volatile organic compound (VOC)
emissions are emitted.

There are several drawbacks associated with
this, including:

e Costly

e The substance has the potential to
undergo a phase transition into a liquid
state  when exposed to elevated
temperatures.

e Developing a prototype has challenges.
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This property enables them to be reshaped into novel forms, thereby facilitating a broader
scope of recycling opportunities in comparison to thermosets. One notable advantage of
thermosets is their ability to maintain structural rigidity even when exposed to elevated
temperatures. Common examples of thermosetting polymer matrices include polyester, vinyl

ester, epoxy, phenolic, cyanate ester, polyurethane, polyimide, and bismaleimide [43]

In contrast, several thermoplastic polymer matrices are commonly encountered in various
applications. These include polyamide, polyethylene, polypropylene, PEEK, thermoplastic
polyimide, thermoplastic polyurethane, polycarbonate, PLA, polysulfone, and
polyphenylene sulfide[44]. Elastomers, similar to thermosets, undergo the vulcanization
process to attain crosslinking. Rubber is widely recognized as a prominent elastomeric
material, thus leading to the common designation of elastomeric composites as rubber
composites. Elastomers are distinct from thermosets and thermoplastics due to their

pronounced elasticity in mechanical response [45,46].

Elastomeric composites include hoses fortified with polyester fibers, vehicle tires reinforced

with aramid fibers, and heavy-duty truck tires strengthened with steel wire or mesh[47].

I.5.2. Metal matrix composite

The development of metal matrix composites was driven by improving the properties of
metals, particularly their lightweight nature and the favorable mechanical attributes
associated with composite structures. Various composite materials, including aluminum and
its alloys, nickel, and titanium, demonstrate favorable electrical and thermal conductivity,
high-temperature resistance, and commendable mechanical properties. Nevertheless, the
production expenses incurred by the company are significantly elevated. These resources are
typically allocated for applications that require a higher level of complexity and expertise

across multiple disciplines[48].

1.5.3. Mineral matrix composite

The term "mineral matrix composites" pertains to composite materials in which the matrix
consists of a mineral-based substance, serving as the continuous phase. The reinforcement,
acting as the dispersed phase, can be another mineral or a distinct material such as fibers,

particulates, or whiskers.

Concrete is a well-known illustration of a mineral matrix composite, in which the matrix is

composed of minerals, and the aggregates, such as sand and gravel, serve as the reinforcing

Page 17



CHAPTER I. GENERAL ON COMPOSITE MATERIAL AND THERMAL INSULATION MATERIAL

elements. In certain instances, additional reinforcements such as steel rebars and various
types of fibers (including steel, glass, or synthetic fibers) may be incorporated into the

concrete matrix in order to augment its inherent characteristics [50,51].

The underlying concept of these composites is to amalgamate the optimal characteristics of
both the matrix and the reinforcement. For example, the mineral matrix provides the
structure's primary mass, volume, and overall form. On the other hand, reinforcement
materials contribute to enhancing tensile strength, flexibility, and other advantageous

mechanical characteristics.

Mineral matrix composites are extensively utilized in construction and civil engineering due
to their inherent robustness, longevity, and cost-efficiency advantages. Ongoing progress in
the field of study consistently seeks to enhance its efficacy across diverse applications,
encompassing the development of sturdier infrastructure and creating environmentally

sustainable building alternatives [52].

I.5.4. Carbon/carbon composites

Also referred to as C/C composites, they are highly sophisticated materials comprised
predominantly of carbon fibers and a carbon matrix [53]. These composites are renowned
for their outstanding mechanical and thermal characteristics. Carbon fibers, which possess

exceptional tensile properties, are interlaced into multiple layers during manufacturing.

These layers are then consolidated by a carbon matrix derived from carbon-rich substances
like pitch or resin, which binds the fibers together. These composite materials demonstrate
exceptional properties such as high tensile strength, low weight, resilience to extreme
temperatures, limited thermal expansion, thermal solid conductivity, low thermal mass, and
chemical resistance. These materials' unparalleled strength, thermal resilience, and
lightweight properties have led to their utilization in several industries, including aerospace,

automotive, industrial, and sports equipment [54].

I.6. Utilizations of Composite Materials

The composites possess notable attributes such as high resistance to corrosion, reduced
weight, improved strength and productivity, cost-effectiveness, design flexibility, and
exceptional durability, which can be attributed to their fabrication technique and laminate
structure. Therefore, composites find applications in various engineering disciplines,

including aircraft and aerospace, the automotive industry, marine engineering, infrastructure
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development, oil and energy sectors, the biomedical field, and sports and recreational

activities [8]. In addition to those above, there exist alternative applications[14].
A comprehensive analysis is provided of the diverse applications of composites.

1.6.1 Aircrafts and Aerospace

Aerospace vehicles employ structures such as space antennae, optical instruments, and

mirrors constructed using highly rigid and lightweight graphite composites.

This choice is primarily because graphite composites possess the desirable characteristic of
exhibiting minimal hydric and thermal expansions during the fabrication process.
Carbon/epoxy and graphite/titanium composites are used to construct the Boeing 787
aircraft. Approximately half of the aircraft's total weight comprises the composite material,

as depicted in Figure 1. 11[41].
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. B Composite
' Hl Misc.
2%3'“

Boeing TET

- 11¢ﬁ

T
Boeing 757 Boeing 777 Boeing 787

Figure I 11. Increasing use of composite materials in Boeing commercial aircraft. [41]

1.6.2. Automotive and Transportation

Many automotive companies have extensively researched incorporating Non-Fossil Fuel
Powertrains (NFPCs) into their products. European car manufacturers have specifically
explored using Non-Fibrous Polymeric Composites (NFPCs) in car interiors, including seat

backs, parcel shelves, boot linings, door linings, truck linings, and door-trim panels. [89].

Natural fibers are used in car interiors and exterior auto body components by incorporating
them into polymers. These components, meeting stringent requirements, are often found

between the headlights and above the fender of passenger buses[55].
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Figure I. 12. Components of automobiles made of natural fiber
composites. [55]

1.6.3. Construction and Infrastructure

Composite materials are new to infrastructure and construction. However, this application
shows composites' global market potential. Composites create durable and optimal
construction materials. Composites strengthen structural elements to build earthquake-
resistant bridges or buildings with intricate designs that are impossible with traditional
materials. Composite materials can create energy-efficient, attractive, versatile, and

functional buildings with better thermal performance. [33].

Composites simplify building structures with intricate carvings, varying thickness, and
traditional aesthetics like chrome, gold, copper, stone, and marble, making them affordable.
Architects increasingly use composites for commercial and residential buildings. Materials
like glass/polyester or Kevlar are used for water and oil pipes, roofs, wall panels, fixtures,
moldings, doors, window frames, vanity sinks, shower stalls, and swimming pools. They are

also used in constructing and repairing buildings

Polymer Modified
concrete

Composide
profiles

Abutment
Figure 1. 13. The use of composite materials in construction
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1.6.4. Marine

The maritime industry strives for lightweight structures like aviation. Carbon fiber
composites build ship hulls with different shapes and thick glass sections to reduce weight
and increase damage resistance[51]. Sandwich structures bond thin composite face sheets to
a thick, lightweight core. Such vessels include corvettes and minesweepers. Composite
materials are cost-effective, have good insulation, and resist corrosion. Commercial and
military ship components like decks, bulkheads, propellers, masts, and boat hulls are made
from composite materials. This takes advantage of these composites' corrosion resistance.

Composites make super yacht furniture and interior moldings[56].

1.6.5. Recreational/Sports Applications

Sports and recreational equipment benefit from fiber-reinforced composites. FRPs are
strong, malleable, corrosion-resistant, and low-density. Sports composites include bicycle
frames, fishing poles, jumping boards, hockey sticks, helmets, horizontal and parallel bars,
kayaks, and tennis racquets. Carbon and glass fiber composite sports equipment is
lightweight, strong, and durable[57]. This will help sports fans and athletes perform at their

best without fatigue caused by sports equipment.

1.6.6. Electrical equipment and electronics

Composite materials can replace metal alloys in electrical appliances due to design and
processing flexibility. Panels, power tool parts, handles, frames, and appliance trims are
composite. Composites are used in dishwashers, refrigerators, ovens, dryers, and ranges. The
parts include control panels, consoles, knobs, kick plates, shelf brackets, motor housings,
side and vent trims, and more. Composites improved electronics. Electronics applications
benefit from thermosetting polymer matrix composites' dielectric properties and arc-track

resistance.[58].

1.6.7. Corrosive Environments

Chemical handling and harsh outdoor conditions are common uses for composites, which
are corrosion-resistant. Oil and gas refineries, chemical processing plants, pulp and paper
plants, and water treatment plants use composites. [18]. For long-term durability and
corrosion resistance, these tanks, pumps, cabinets, hoods, fans, and ducts are made of
composite materials. Fiber-reinforced polymer composites have solved sewer pipe,

desalination, and oil and gas supply corrosion problems. [59].
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I.7. The historical development of composites

Figure 1.14 illustrates the extensive historical utilization of composites as an inherent
component of human existence. The timeline presented encompasses significant milestones

from the early development of composites to the present day.

Composite materials have advanced throughout human history. This progress is due to
centuries of polymer, fiber, and ceramic discovery and development. The demand for
superior materials also drove composite materials research. Lightweight materials helped the
aircraft industry advance technology during World War II. In later years, the cost of these

materials compared to monolithic alternatives became a factor.

In modern society, quality, reproducibility, and behavioral prognostication of materials, as
well as cost and the demand for lightweight materials, drive advancements in all fields.
However, advanced manufacturing methods have produced sophisticated composites. The
two concepts are linked. The manufacturing process ensures quality and determines a
product's final characteristics. Extensive research has produced Functional and reliable

composites using cost-effective and commercially viable methods [14].

L.8. Processing techniques

The techniques employed in the manufacturing process employed in the production of
composites encompass both open mold methods, such as hand lay-up and spray-up, as well
as closed mold techniques like extrusion, direct long-fiber thermoplastic (D-LFT), vacuum
infusion, injection molding, filament winding, resin transfer molding, compression molding,
and sheet mold compounding[41]. The properties of the developed composites are
influenced significantly by the processing conditions and appropriate processing methods.
These parameters include dispersion, aspect ratio, orientation, and moderate temperatures.
The pre-processing drying of fiber is of utmost importance due to the detrimental effect of
moisture on the fiber surface, which acts as a debonding agent at the interface between the

fiber and the matrix.

Moreover, water evaporation during the reaction creates empty spaces within the matrix.
Both of these factors contribute to a notable reduction in the mechanical properties of

composites [60].
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Figure I. 14. The historical development of composites [14]

1.9. Date palm wood (phoenix dactylifera)

The date palm tree (Figure 1. 15) was designated as Phoenix dactylifera by Linne in 1934.
Phoenix is derived from the Greek word "Phoinix," which refers to the date palm tree. The
ancient Greeks believed this tree was associated with the Phoenicians [61]. The term
"Dactyliféra" is derived from the Latin word "dactylis," which originates from the Greek

word "dactylus," meaning "finger" (referring to the fruit's shape). It is associated with the
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Latin word "fero," meaning "carried," about the fruit. Phoenix dactylifera exhibits equal
resilience to high temperatures, aridity, and low temperatures. It is commonly found in the
arid Afro-Asian region that extends from North Africa to the Middle East [62]. The location
is in the Orient, specifically the Oases of the Sahara. Phoenix palms exhibit dioecism,
meaning they possess distinct male and female individuals. The latter generates a plethora
of different types of dates. Algeria has over 800 diverse date palm cultivars within its oases
[63]. Some of the most well-known types include Dokar (the male palm), DegletteNour,

Elghers, and Deglabida, which are recognized by their local names.

Table 1.3 displays the Area and number of palm trees planted in Algeria and their
corresponding locations (MADR)[64].

Date palms possess a fibrous composition, consisting of various kinds of fiber [50]:

- Wood fibers derived from the pulverized trunk.

-The peduncles contain leaf fibers.

-The stem fibers and the date structural support (pedicels) were found in the peduncles.

- Outermost fibers encircling the trunk “fibrillium”.

Figure I. 15. Date palm tree and its principal Components.

Page 24



CHAPTER I. GENERAL ON COMPOSITE MATERIAL AND THERMAL INSULATION MATERIAL

1.9.1. Morphology

The palm is a 20-30-m-tall grass with a cylindrical trunk (stipe) and a crown of leaves.
Pinnately divided, 4-7-m leaves. Monocotyledons have one embryonic leaf in the seed.
Monocotyledons have no cambium, while palm wood has a unique structure and

properties.[65].
1.9.2. Components of date palm wood

Date palm wood is made up of several parts:
-Trunk

It is a stipe, generally cylindrical, elongated in its coronal part by the terminal bud or

phyllophore [Figure 1. 16].
-Crown

Green palms form the date palm's crown or foliage. Adult date palms have 50-200 palms.
Palms last three to seven years, depending on variety and cultivation. The terminal bud or

"phyllophore" emits basal crown, central crown, and heart palms. (Figure 1. 15).
- Flowers

The date palm is a dioecious plant, i.e., there are male date palms (Dokar) and female date
palms (Nakhla). Only female date palms bear fruit, so they are the source of the many
varieties of dates. Generally speaking, two of the three carpels, uniovulate, abort, and fruits,

are monosperm, which can be explained by the high density of inflorescences[66].
-Palm

The palm or "Djerid" is a pinnate leaf with leaflets regularly arranged obliquely along the
rachis. The lower segments are transformed into spines, more or less numerous and more or

less long Figure I. 16.
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Figure I. 16. Diagram of a palm
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The fruit.

Dates are drupes with one seed, the pit. A thin epicarp protects the fleshy mesocarp of date

fruit. The stone's endocarp is parchment-like. Elongated and variable in size, the fruit has

smooth or ridged or fins. It has ventral furrow. Top of embryo is firm and tough. Date fruit

colors vary by species, from lighter or darker yellow to translucent amber, darker or lighter

brown, red, or black.[67].

Table 1. 3. Displays the Area and number of palm trees planted in Algeria and their

corresponding locations (MADR).

City (Wilaya) Occupied | Deglet Nour | Ghers and | DeglaBeida | Total Date
area (ha) | (number of | Analogues | (Number of Palm
trees) (Soft dates) trees) (Number of
(Number trees)
of trees)
BISKRA 43 851 2756 137 569 690 1 099 040 4 424 867
El- OUED 38 147 2 556 875 742 160 676 895 3975930
ADRAR 28 320 0 0 3798 759 3 798 759
OUARGLA 22 512 1435032 1018 559 175223 2628 814
BECHAR 13919 0 1406 138 234 626 1 640 764
GHARDAIA 11359 563 249 239 699 494 562 1297510
TAMANRASSET | 7118 0 0 752 310 752 310
ILLIZI 1 254 7758 77 585 43 760 129 103
KHENCHELA 812 51 400 70 100 11542 133 042
TEBESSA 569 38200 22 400 0 60 600
EL-BAYADH 477 3600 15900 28200 47700
TINDOUF 464 30 44511 1809 46350
LAGHOUAT 265 10240 12740 10260 33240
DJELFA 260 19300 5400 1300 26000
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NAAMA 253 2000 39788 0 41788
BATNA 207 9338 7453 9681 26472
TOTAL 169 786 7453 159 4272123 7337967 19 063 249

1.9.3. Distribution across regions of the date palm
1.9.3.1. On an international scale

The date palm, known as the tree of providence in arid regions, is predominantly
observed between 10° and 35° parallels in the northern hemisphere. It is particularly
prevalent along the Persian Gulf's shores, North Africa, and Asia. Additionally, it is
noteworthy to mention California (Coatchella Valley), where it was introduced in the 18th
century, and Spain, where the renowned Elche palm grove is situated at 39° North, west of
Alicante. Additionally, date palms are cultivated to a lesser extent in Australia, Mexico,

Argentina, and the West Indies [68].

Over 120 million date palms are estimated to exist on a global scale. The Arab world

possesses over 80% of the production potential, as indicated by its spatial distribution.

1.9.3.2. In Algeria
The Ministry of Agriculture and Rural Development (MADR) reported in 2021 that date

palms cover 169 786 hectares of Algeria, or 2% of the 19.06 million palm trees. Date palms
grow in all areas below the Saharan Atlas, with Biskra (Tolga) in the east preceding M'Zab
and Bni-Ounif in the middle and west. In the extreme south of the Sahara, the Djanet Oasis
marks the southernmost Algerian palm plantation. Three-quarters of the nation's palm-
growing heritage is in northeastern Sahara's Ziban, Oued-Righ, and Ouargla basins. The
southern steppe wilayas (Tbessa, Khenchla, Batna, Djelfa, Laghouat, Naama, ElBayadh)
have small palm plantations. Table I.3 shows MADR date palm distribution by wilaya.[64].

Algeria has 300 date palm varieties, each with a local name, according to "Bioversity
International," an agricultural research institute. Date palm trees like DegletNour, El Ghers,
Mechdegla, Tantboucht, Arechti, Safraya, DeglaBeida/Kountichi, Litima, Hmraya, and
others are genetically identical. Most of these cultivars are from Ziben (Biskra) and Mzab.
Although other palms are more productive, mature, and drought- and disease-resistant,

DegletNour accounts for over 50% of cultivated palms.[30].
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1.9.3.3. Within the Biskra wilaya
With over 4 million date palms, or 23.19% of the national heritage, Biskra, which covers

27.4% of the country, is the leading phoenicicultural region. Willaya palm groves are in
western Zibans at Tolga, Foughala, Leghrous, Bordj Benazouz, Ourlal, OuledDjellal, and
Sidi Khaled. The eastern Zibans' Djemora, Baranis, M'chounech, Loutaya, and El-Kantara
have less phenoliculture. The wilaya's palm grove is known for its 60% Deglet-Nour date

palms, which produce high-quality dates.[30].

1.9.4. Global and Algerian estimates of the tonnage of date palm wood.

In addition to its date production, the date palm is a source of various raw materials. Its
wood is derived from the waste of date palm trees, collected annually after maintenance
work. Eight forms of renewable wood can be distinguished: fibrillium, petiole, rachis, spine,
leaflet, cluster, pedicel and spathe wood. They represent the raw material we are trying to

enhance in the present study.

Our estimation of the tonnage of date palm waste is based on statistics from the Agricultural
Research Center for Arid and Semi-Arid Regions in Biskra. These statistics pertain to the
waste generated by date palm trees in a palm grove in the province of Biskra.  According
to this estimate, the annual waste of the palm tree consists of 27% rachis, 24% petioles,
28.7% leaflets, 6.3% fibrillium, 5% spathes, 4.9% clusters, 3.3% pedicels, and 0.8% thorns.
According to the latest statistics from MADR [64], Algeria has 19 063 249 palm trees, with
the Biskra willaya accounting for 4 424 867. According to reference [9], there are 120
million palm trees worldwide [69]. The annual estimation of palm date palm wood

production worldwide, in Algeria and the Biskra province, will be presented in Table 1.4.

Table 1. 4. Annual tonnage of date palm wood.

Kind of wood Wilaya of Biskra Algeria Worldwide
Fibrillium 12 945, 3 55 815, 300 360 000

Petioles 49 062, 687 211539, 987 1 364 400
Palm 259790.595 1120120.04 7224600

(rachis/leaflets/thorns/

Bunch (pedicels spathes) 27141.979 117026.079 754800

Total 348 940, 561 1504 501, 411 9703 800
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1.9.5. Chemical composition

The chemical makeup of DPF is shown in Table 1.5. Carbon (C) and oxygen (O) dominate
these materials, according to the results. The amount of chlorine (Cl) in all DPF varieties
except the petiole part of the Elghers variety is high but lower than the rachis ash. Due to the
soil, date palms grow this way. [74].

The comparison of cellulose and lignin concentration between date palm fiber and other
fibers shows its suitability as a filler for natural fiber composites (Figure I.17). The literature
review showed that date palm fiber, despite having little cellulose, has the right mechanical
properties and absorbs less water than hemp and sisal. It also has more cellulose than lignin,

which is important in the auto industry.

Table 1. 5. Date palm fiber chemical constituents.

Constituent Proportion (Wt.%)
Oxygen 20.45
Calcium 0.20
Carbon 75.86
Cobalt 0.62
Magnesium 0.15
Sulphur 0.12
Nitrogen 0.07
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Figure 1. 17. Comparative analysis of the lignin and cellulose contents of
DPF and alternative natural fibers [237]
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1.9.6. Density

This trait is highly coveted in natural fibers since it contributes to reduced weight and
enhances the competitiveness of natural fibers against synthetic ones. This phenomenon is
attributed to the inherent capacity of the mechanical qualities in the automotive industry,
such as the particular tensile strength and specific modulus of elasticity. These mechanical

pro perties are evaluated in relation to the density of the fibers.

Figure 1.18 compares date palm fiber with coir, hemp, and sisal in terms of density
properties. The comparison was conducted using the mean values documented in the
literature and presented in Table 5. Evidence demonstrates that date palm fiber possesses

the most minimal density value.

Consequently, date palm fiber exhibits strong competitiveness compared to other fiber types,
resulting in the lightest weight composites. This makes it very ideal for the automobile
industry. This outcome aids in diminishing the energy consumption required for automobiles

manufactured using DPF-NFC materials, hence enhancing the sustainability of this industry.

Dersity (glem®)

Coir Date palm Hemp Sisal

Figure I. 18. Comparing the Density of the date palm to that of
alternative natural fibers Al-Oqla [237].
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1.9.7. Thermal attributes

a- Thermal conductivity

Industrial applications, especially those in the automotive sector, emphasize the thermal
insulation characteristics of materials utilized in the interior design of cars. First, one of the
most desirable attributes of natural fibers is their hollow tube structure, which offers superior
insulation against heat and noise. In automotive applications, a lower thermal conductivity
is preferable. Agoudjil et al. (2011)[75] reported that the thermal conductivity values for
date palm, hemp, and sisal are 0.083 (W/m K), 0.115 (W/m K), and 0.07 (W/m K),

respectively.

In contrast, the thermal conductivity value for coir is 0.047 (W/m K), according to Srikanth
et al.[76]. The findings demonstrate the competitive advantage of date palm fibers in
automotive applications. Figure 1. 19 reveals that the conductivity of date palm fibers is
lower than that of hemp; however, it is still comparable to sisal. Date palm fibers possess
the necessary qualities to be used as insulation materials in different sectors, such as the
construction and automotive industries. DPF can serve as an advantageous addition to the

automotive sector.
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Figure I. 19. Comparing the thermal conductivity of the date
palm to that of alternative natural fibers.
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b-Thermal stability

The thermal stability of chemically extracted fibers was greater than that of mechanically
extracted fibers. This phenomenon may be attributed to the chemical treatment's efficacy in
eliminating hemicellulose and other substances that undergo degradation at lower
temperatures. The thermogravimetric analysis (TGA) curves of date palm fibers exhibited

similarities to those of other natural fibers, as reported by Ali and Alabdulkarem in 2017.

The degradation of fibers occurs in three stages, during which the fibers gradually lose
components such as moisture infiltrates, hemicellulose and cellulose undergo degradation,
resulting in a significant reduction in fiber mass ( Figure 1.20). Dense substances lignin is
known to have a slow degradation rate, as evidenced by studies conducted by Taha et al. [77

,78] and Ali et al. [79]
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Figure I. 20. Curves of date TGA Stems of palm fibers were exposed to a 2% NaOH
solution for varying amounts [67].
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1.9.8. Mechanical properties

The literature compared the specific tensile strength and modulus of date palm fibers to other
natural fibers, as illustrated in Figure [.21. Date palm fibers exhibit superior tensile strength
compared to bamboo, coir, sisal, and banana fibers. The specific modulus of the date palm
is approximately equivalent to that of flax fibers [80]. The extraction method has a
substantial impact on the mechanical characteristics of fibers. The mechanical
characteristics were enhanced by removing the fibers using NaOH. Nevertheless, the tensile
and elastic moduli exhibit dissimilarities, with the elastic modulus demonstrating
significantly higher numerical values. Other factors could contribute to this, such as the

length of the treatment, the temperature, and the concentration of NaOH.
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Figure I. 21.Comparing the specific tensile strength and modulus of natural fibers, date
palm, and, glass . [205].

Furthermore, Figure 1.23 illustrates the percentage of elongation to break date palm fibers,
which was observed to be greater than that of sisal and hemp but less than that of coir. Table
8 compares the mechanical characteristics of date palm fibers obtained from various
sections. Regrettably, the values documented in the literature do not fall within a specific
range or exhibit proximity to one another. Furthermore, no credible source has supplied
data on the tensile strength, Young's modulus, or tensile strain of date palm fibers, making
it impossible to compare the findings. This may be attributed to the fact that the fibers
obtained in the literature were predominantly fragmented or truncated into extremely short
lengths. Nevertheless, it was noted that the fibers treated with NaOH exhibited superior

mechanical qualities compared to the untreated raw fibers.
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Figure I. 22. Comparison of the elongation at break percentages of several
natural fibers. [205]

B. General on insulation and thermal comfort in building constructions.

1.10. Strategies for minimizing energy usage and thermal insulation methods

1.10.1. Comprehensive Approach to Minimizing Energy Consumption and Enhancing

Thermal Insulation

Climate change is a paramount issue of global significance, necessitating urgent action and
the formulation of measures aimed at curbing energy use and ameliorating its environmental
consequences. The mitigation of greenhouse gas emissions, with a specific focus on the
building industry, is paramount in addressing the challenges of climate change. Recent
studies and scholarly publications have yielded significant findings regarding diverse

approaches to enhancing energy efficiency across varying climatic conditions [81].

Developing energy-efficient and comfortable buildings in tropical regions necessitates
primarily emphasizing heat mitigation strategies and optimizing natural ventilation. Solar
protection measures, such as shading features, help mitigate heat gain. Additionally, strategic
design considerations can optimize natural airflow within the building, further enhancing its
thermal comfort. It is imperative to reduce the utilization of air-conditioned environments

whenever feasible [82].

The implementation of heterogeneous walls is a commonly employed method in tropical
regions. The walls in question comprise a primary load-bearing wall, typically constructed
using concrete and reinforced by additional insulating walls. This design enables efficient

insulation at elevated levels while maintaining a slim profile and cost-effectiveness. In
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addition, a range of energy efficiency measures exists to enhance buildings' efficiency and

diminish energy usage[83].

High-performance buildings, commonly referred to as low-energy structures, are
experiencing a growing prevalence in regions characterized by cold or temperate
temperatures. These structures exhibit bioclimatic architectural design principles, which
consider the specific climatic conditions of the region. Effective thermal insulation,
generally with a thickness ranging from 15 to 20 cm, and high-performance windows are

crucial for minimizing heat dissipation to the external environment.

In order to attain a satisfactory degree of hygrothermal comfort within tropical climates, it
is advisable to employ four interrelated strategies: solar protection, ventilation, thermal
inertia, and insulation. These measures synergistically contribute to heat protection and the

establishment of a pleasant indoor environment [84].

Recent research and studies have yielded significant findings regarding energy-efficient
building strategies in tropical climes. The primary objective of these solutions is to enhance
energy efficiency by maximizing the utilization of natural elements and resources, such as
solar protection and natural ventilation. Substituting hollow concrete with aerated concrete

for constructing walls has substantially reduced energy consumption [85].

In conclusion, recent scholarly sources and empirical studies underscore the significance of
employing energy-efficient building solutions in tropical climates. The tactics above
prioritize implementing measures aimed at safeguarding against heat, promoting natural
airflow, enhancing thermal insulation, and utilizing suitable construction materials.
Implementing these measures makes it feasible to decrease energy consumption and alleviate

the influence of buildings on climate change.

Numerous researchers have researched diverse methodologies and put forth various
solutions, all providing adequate thermal insulation of structures and a consequent decrease
in energy usage. Several potential solutions can be identified, including sun protection,
human behavior modification, interior thermal insulation, external thermal insulation, and
insulation integrated into materials [86—88]. These options will be further discussed in the

subsequent sections.
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1.10.2. The Definition of Thermal Insulation, Its Significance, Placement of Insulators,

and Selection Criteria.

The well-being and comfort of individuals within a building are essential considerations in
daily life. When conducting any construction procedure, building constructors must consider
this. In order to enhance comfort levels, it is imperative to develop a comprehensive grasp
of the moisture and thermal characteristics shown by insulating materials employed within
wall structures. Thermal insulation is crucial as an initial and rational energy efficiency
measure, especially in buildings with high envelope loads in demanding climatic

environments.

The notion of "thermal insulation" encompasses a range of methodologies employed to
restrict the conduction-based heat transfer between a heated and a cooled environment,
leveraging its substantial thermal resistance properties[89]. This technology is highly
efficient in enhancing the thermal performance of the building envelope, improving internal
thermal comfort, and hence leading to energy savings in buildings. Additionally, it is
beneficial to mitigate the utilization of non-renewable natural resources, specifically oil and
gas reserves, which are employed for energy generation to operate air conditioning and
ventilation systems within buildings in tropical regions. This approach decelerates the
depletion of these resources while concurrently diminishing the emission of greenhouse

gases that are excessively released into our environment [90].

Thermal insulation has applications across various domains. This material is commonly
utilized in several sectors, such as construction, industrial, automotive, cold storage
facilities, culinary settings, and textile manufacturing [91]. The composition of the insulation
can vary, ranging from a singular insulating material to a composite of multiple insulating
materials. In order to optimize the performance of the building envelope in a humid tropical
climate, it is imperative to consider the selection and placement of appropriate insulating

materials as crucial factors in any effective thermal insulation procedure [92].

The fundamental emphasis of bioclimatic building lies in thermal insulation. The reduction
of heating or air conditioning requirements yields significant environmental benefits,
including the conservation of energy resources and the mitigation of greenhouse gas
emissions. The concept of bioclimatic design is of paramount importance in the realm of
energy saving. The objective is to mitigate the utilization of energy resources derived from

fossil fuels and mitigate the levels of atmospheric pollution, all while ensuring that the
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created edifice is suitably designed to accommodate the prevailing climate conditions and

the unique characteristics of the land [93].

The implementation of insulation in a building serves to mitigate the transfer of heat between
the interior space and the surrounding external environment. The necessity for heating or
cooling can be reduced based on the prevailing climate conditions. The effectiveness of
thermal insulation is influenced by several factors, including the temperature gradient
between interior and outdoor environments, the geographical location, prevailing weather
conditions, and the specific characteristics of the room requiring heating. In regions
characterized by humid tropical climates, where structures are subjected to elevated solar
radiation and temperatures, providing cooling measures is typically necessary for inside
spaces. The use of thermal insulation can sustain energy efficiency in different climates.
However, the effectiveness of this insulation may diminish over time as the material ages

[94].

The foundation of thermal insulation is rooted in the principle of passive housing. The
planning of the building should be undertaken in consideration of the climatic challenges
specific to its location. In our specific scenario, characterized by a humid tropical climate,
the primary focus lies in implementing measures to mitigate solar exposure. Implementing
effective insulation in a building leads to a decrease in energy usage. In most instances, the
reduction in energy consumption is accompanied by a corresponding decline in greenhouse
gas emissions. Therefore, this is a noteworthy contribution to the ongoing efforts to mitigate
climate change. The selection of appropriate insulating materials plays a crucial role in the
design and renovation of buildings, as it significantly contributes to improving the energy
efficiency and indoor thermal comfort of these structures. Ultimately, this leads to energy
conservation. Undoubtedly, regardless of climatic conditions, it is strongly advised to
employ insulation in walls and roofs to enhance a given room's comfort level and energy

efficiency [95].

Thermal insulation is commonly employed to protect a building's envelope from high and
low temperatures. However, in regions with tropical climates, the primary purpose of its
utilization is to safeguard the walls of the structure against the detrimental effects of solar
radiation. The placement of insulation is of utmost importance in determining the thermal
efficiency, hygrothermal characteristics, and long-term durability of a building's walls. To

effectively mitigate heat transfer, it is imperative to adopt a strategic methodology
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encompassing the insulation of critical structural elements within the structure. These
components encompass the roof and the walls, doors, and windows, which are particularly
susceptible to heat exchange. Thermal insulation has the potential to be put on either the
exterior or interior of the building envelope [96]. Both insulation arrangements possess
distinct drawbacks and are commonly employed in insulating roofs, walls, ceilings, and

floors.

The pursuit of comfort within the construction industry is fundamental, leading builders to
employ thermal insulation in regions characterized by high humidity and tropical climates.
The thermal conductivity of a material is a significant factor in determining its ability to
insulate effectively. Nevertheless, additional considerations need to be considered while
selecting insulation. Several factors contribute to the longevity of a material, including its
specific heat, potential health risks (such as toxicity), tensile and compressive thermal
resistance, cost and availability, durability and recyclability, thermal resistance, ease of
implementation, resistance to direct sunlight, absorption capacity, and resistance to humidity

[97].

In regions characterized by humid tropical climates, the utilization of conventional or bio-
sourced insulators in conjunction with MCPs (Phase Change Materials) is effective in
mitigating the transmission of heat and enhancing the thermal comfort of buildings [98].
Incorporating naturally existing plant-based bio-sourced materials has demonstrated
promising results in this context. This has the potential to result in a reduction in the duration
of discomfort. Nevertheless, plant fibers continue to possess a higher degree of

environmental friendliness.

1.10.3. Sun protection

The implementation of solar protection measures plays a crucial role in improving the energy
efficiency and natural light control of pre-existing structures and maximizing the design
potential of low-energy buildings[99]. Implementing this technology has a notable influence
on reducing energy consumption in buildings and enhancing the thermal and visual comfort
experienced by inhabitants. The thermal transfer between buildings and their surrounding
environment is influenced by the composition of the walls, regardless of whether they are
opaque or transparent. According to sources [35], the solar input received through the roof
constitutes approximately 60% of the total, while the walls contribute between 20% and

30%. Additionally, windows are responsible for approximately 15% to 30% of the solar
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input. Hence, solar protection systems enable the modification of window and fagade
characteristics in response to environmental conditions and the requirements of
occupants[100]. During the summer season, the implementation of solar protection measures
on glazed openings and exterior surfaces is of considerable importance in managing solar
radiation and its impact on thermal comfort conditions and energy consumption within

buildings[101].

Sun protectors are employed in regions with humid tropical climates, such as Guadeloupe
and Haiti, to mitigate the impact of sun radiation throughout the year. Solar protections for
building envelopes in the intertropical zone play a crucial role in mitigating the impact of
high sunlight and insolation temperatures, particularly during the peak hot time when the
sun reaches its zenith. These protective measures serve a dual purpose by not only
minimizing solar input but also effectively reducing the cooling requirements of buildings

[102,103].

Including the requirement of plant protection surrounding the building and the
implementation of solar protection measures on the roof, walls, and openings [104] (Figure
I. 24). The presence of vegetation in the vicinity of a building has a beneficial effect on the
comfort of its occupants. This is primarily due to the provision of shade, the effectiveness of
which is contingent upon the density of the foliage. According to a study conducted by
researchers [30], it has been found that this particular material can effectively obstruct a
significant portion of solar light, ranging from 60% to 90%. As per the Thermal Acoustic
and Ventilation Regulations (RTAA-DOM 2016), the strategy for solar radiation mitigation

involves the use of sun protection measures [105].

-The creation of shadow can be achieved through a sunshade, which exhibits a distinct

masking coefficient denoted as Cm.
-One can minimize radiation absorption by selecting lighter hues.

-If deemed essential, it is imperative to minimize thermal transmission by employing
effective thermal insulation techniques. Thierry et al.[106] suggest that the sun protection
method encompasses meticulous plan design, judicious building orientation selection, and
appropriate utilization of vegetation. It is imperative to incorporate solar protection measures

for every constituent element of the building envelope.
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-Implementing solar protection measures for roofs includes using high albedo surfaces,
incorporating double-vented roofing systems, and applying insulating materials, particularly

in buildings that rely on artificial air conditioning.

-Sunscreens, such as shutters or canopies, are commonly employed in architectural design
to provide shade and protection for openings, windows, and doors. Additionally, it is
desirable for these sunscreens to possess airtight qualities, particularly in the context of air-

conditioned buildings.

-The implementation of a high albedo coating on walls that are subject to significant solar
radiation, along with thermal insulation in buildings that rely on artificial air conditioning,

is a recommended approach.

In addition, it has been observed that in the context of daytime building usage, solar
protection measures should prioritize the walls oriented towards the East, in conjunction
with the roof. In order to ensure continuous usage, it is imperative to safeguard both the
Eastern and Western barriers. The walls oriented towards the East and West experience the
highest levels of sun radiation. Multiple strategies exist for mitigating the effects of solar

radiation on a wall [107].

Figure I. 23. An Example of an EcoHousse is in Milan- Italy.
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-Utilizing horizontal shielding mechanisms, particularly for the North and South facades
exposed to near-vertical solar radiation, such as canopies, visors, and roof overhangs, is

recommended.

-The utilization of vertical solar protections, such as vented siding or double ventilated walls,

plants, lattices, and similar methods, is being explored in this context.

-The selection of lighter tints, while a potentially beneficial strategy, needs to be improved

in addressing the issue, particularly in the Eastern and Western regions.

- Insulation is not advised if the North and South walls are light-colored. The East and West

walls are primarily recommended for this purpose [107].

Bioclimatic or air-conditioned structures can protect the roof from direct sunlight. Adding
flora or bright colors always works. The author suggests that thermal insulation could reduce
the solar factor and protect against solar radiation. In air-conditioned buildings, roof thermal
insulation may hinder nighttime cooling. To reduce solar heat gain in bioclimatic buildings,
window and opening orientation and placement should be chosen. A comprehensive solar
protection strategy, including plant and architectural protections, is needed. Type and
placement of these protections depend on structure orientations and purposes. These

protections may be fixed, mobile, external, or internal. [108].

The author also noted that bioclimatic and air-conditioned buildings share sun protection
concepts. Unless the building operates as a hybrid, alternating between air conditioning and

natural ventilation based on seasonal conditions, natural ventilation is less important.

1.10.4. The Study of Human Behavior

Effective energy management in buildings encompasses more than only the thermal

insulation of opaque walls (including walls and roofs) and solar protection for windows.

The building features opaque walls, including the walls, roof, and solar protection windows.
Additionally, it is important to emphasize the utilization of electrical equipment by the
tenants. Implementing thermal insulation on roofs and walls enhances the comfort of
naturally ventilated buildings in various climatic conditions. It reduces energy consumption
by air-conditioning units during periods when air-conditioning is necessary (Kumar, Ashok
)[109]. The latter approach has little impact on using electric bulbs, irons, and other human
household equipment. It is essential to acknowledge that the sole method of mitigating the

ingress of natural light is through the insulation of windows. If not controlled, this ingress
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may result in a heightened reliance on artificial lighting [49]. The behavior of individuals

has a significant influence on the energy performance of buildings.

The factors mentioned by Lee, Chun Kwong, et al. [110] should be considered. The presence
of humans in buildings can result in substantial energy loss due to their negligent behavior,
such as leaving lights on in unoccupied rooms, keeping appliances plugged in unnecessarily,
or setting air conditioners to too-low temperatures. The study conducted by K.F. Fong et
al.[110] demonstrated the impact of human behavior on building consumption in Hong

Kong.

Various solutions were created to reduce energy usage in buildings. The study showed that
by raising the air-conditioning setpoint from 24°C to 25.5°C, a reduction in air-conditioning
energy consumption of 19.6% was achieved. An additional decrease of 17.9% was attained
through deactivating the bedroom lighting while the bedrooms were not in use. The
implementation of a strategy to turn off bedroom lights when they are not being used resulted

in a significant reduction of 27.4% in energy consumption related to lighting.

During periods of non-occupancy. Deactivating all extraneous appliances while they are not
being utilized results in a reduction in energy consumption by 5.5%. The researchers have
indicated that the measures implemented, which are exclusively associated with human
behavior, contribute to a 15.1% reduction in energy consumption for the building under
investigation. Based on the above information, it can be inferred that human behavior
significantly influences energy management within the construction sector. The energy
consumption within the building sector holds significant importance, as its contribution
cannot be disregarded. Implementing thermal insulation techniques in conjunction with
modifications in human behavior within a tropical climate would yield substantial energy

conservation in buildings.

1.10.5. Thermal insulation on the inside

The Interior Thermal Insulation (ITI) process entails affixing an insulating material to the
interior of a building in direct contact with the structural components. This is achieved by
applying an insulating layer to the inner surface of the building's walls [111]. One advantage
of this system is its convenient application within the building. However, a negative of this
system is the potential construction of thermal bridges at the points where floors and partition
walls are located. The technological accessibility and cost-effectiveness of implementing ITI

surpass those of external thermal insulation.
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1. Existing brick wall
: 2. Projected insulation
i 3. Interior finishing

Figure 1. 24. Diagram of internal isolation of a wall.

However, it is essential to note that ITI does present certain drawbacks, including the

reduction of interior space within the room and the impact on thermal inertia [112].

The most straightforward and prevalent approach is maintaining the building's exterior
aesthetics without any alterations. When determining the extra thickness of interior walls, it

is essential to consider several factors, such as window apertures, outlets, and pipelines.

In a humid tropical climate, the significance of ITI (inside thermal insulation) is
acknowledged. However, ITI may not be the most optimal or suitable approach in addressing
the primary objective of shielding the building from solar radiation. In a given climatic
context, it is plausible for wall performance to diminish during rainy periods due to the

potential accumulation of moisture [113].

1.10.6. Thermal isolation of the exterior

Exterior Thermal Insulation (ETI) involves installing an insulation layer and various
cladding material layers (mineral or organic coating, timber, etc.) on a building's exterior
walls. It is commonly found in homes and offices. Technically, this is the optimal course of
action, as it ensures complete insulation. Eliminating thermal bridges responsible for heat
loss and maintaining good thermal inertia within the building yields a thermal envelope with
superior thermal performance. The thermal performance of a building is affected by its

envelope; one of the most common ways to enhance the envelope is to insulate the exterior

[114].
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External wall

Mesh coat

Figure I 25. Diagram of exterior insulation of a wall.

According to Chengcheng Xu et al. (2019) [115], several studies have been conducted on
the characteristics of exterior thermal insulation (ETI) and interior thermal insulation (ITT)

walls in various buildings and regions.

These studies demonstrated that the ITI wall configuration reduces energy consumption in
air-conditioned buildings more effectively. However, ETI walls are generally 2 to 11% more
efficient than ITI walls. We have yet to find any research on ETI in tropical climates, but
according to the sustainable construction guide, walls can be insulated from the outside in
tropical climates. The mortar of granules (expanded polystyrene, perlite) and an adhesive
(e.g., cement) should be applied to the exterior using a bonding layer. In a humid tropical
climate, roof insulation can be performed inside or outside. This involves minimizing heat
transfer from the roof, so exterior insulation is preferable. In a humid tropical climate, ETI
could shield the building envelope's components from humidity, reduce temperature
fluctuations, and extend the envelope's lifespan. In fact, Mendes et al. [116] demonstrated in
their research that ignoring the influence of wall humidity can result in a 59%

underestimation of the annual integrated thermal flux.

Despite its significance, ETI has the disadvantage of being susceptible to weather and
accidental damage. It cannot be used on historic structures due to the need to preserve their
unique and primordial appearance. According to Boudenne et al. [117] research, there are

three ETI techniques:

-ETI under plaster consists of rigid insulation (typically polystyrene or mineral wool) affixed
to the wall with glue and/or mechanically with dowels or profiles, over which a weatherproof

coating is applied.
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-ETI under cladding is a mechanical fastening system that permits the insulation and battens
that support the cladding to be fastened. The air cavity created between the cladding and

insulation mitigates external forces.

-ETI under veneer/cladding is a hybrid solution: insulated sandwich panels are mechanically

attached to the wall and coated directly with cladding without an air gap.

The author was able to conduct ETI experiments in a bioclimatic chamber insulated with
polystyrene and bio-based materials such as glass wool and wood wool. The installation of

ETI systems was observed to reduce thermal flows to less than 3 Wm-2.

1.10.7. Integrated insulation in construction materials

Thermal insulation of a building's walls is predominantly carried out on the exterior or inside.
Nevertheless, it is worth noting that insulation can also be incorporated into construction

materials, specifically in mortars such as hemp concrete and aerated concrete.

Incorporating insulation into cement can potentially improve the thermal insulation
properties of construction materials [118]. The proposal for creating composites by
combining cement with plant fibers such as banana, coconut, sisal, and sugarcane bagasse

has been suggested to acquire affordable insulating materials for building [119].

Extensive research has been conducted on the macroscopic properties of cement, mortar, or
concrete when reinforced with glass fibers. The existing body of research on composite
materials demonstrates their notable efficiency, resulting in significant energy conservation
and waste reduction. The research conducted by Bilba et al.[120] involved the analysis of
banana samples, including leaves and trunks, as well as the husk and tissue of coconuts.
These samples were investigated to assess their suitability for integration into cement
matrices, aiming to develop insulating materials for use in building construction. The
recently acquired reinforced composite materials' thermal performance and mechanical

qualities have been improved.

1.10.8. Highlighted criteria for selecting an insulating material

Thermal insulation holds significant relevance in tropical climates. Undoubtedly, in light of
the present circumstances characterized by a rising average surface temperature of the Earth,
the pursuit of thermal comfort for individuals inhabiting a structure is of utmost importance.

The level of comfort experienced within a structure is contingent upon using bio-based
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insulating materials throughout the building envelope. When selecting insulating materials

for efficient thermal insulation of buildings, it is crucial to consider numerous criteria.

The factors to consider when evaluating an insulating material include its thermal resistance,
durability, recyclability, cost, availability, ease of transport, toxicity in terms of health risks,
mechanical resistance to compression and tension (traction), absorption and resistance to
humidity, ease of application or installation, thermal conductivity, specific heat storage

capacity, and resistance to direct sunlight[89].

I.11. Thermal comfort definition and approach

Thermal comfort refers to the subjective experience of feeling physically and
psychologically at ease within an interior environment, particularly within the confines of a
structure. This methodology facilitates the examination of the thermal responses of the

human body in order to adapt to its surroundings [121].

Simultaneously, it evaluates the requisite and permissible technological circumstances for

implementation, contingent upon five parameters [35], namely:
-The metabolic rate of an individual.
-The attire of the person

-The thermal conditions within the residential environment, including the dry, radiant, and

ambient temperatures.
-The velocity of air flow surrounding an individual
-The atmospheric humidity.

The human body generates thermal energy, which is subject to variation in magnitude based
on levels of physical exertion. In order to sustain a consistent body temperature of
approximately 37°C, the human body must engage in thermal regulation mechanisms, which
involve the adjustment of blood circulation and sweat levels. According to the American
Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE) [122],
comfort is defined as the psychological state in which individuals express happiness with
the thermal environment. Individuals may experience different thermal sensations in the
same setting, influencing their unique degrees of comfort and resulting in varying
impressions. The assessment of satisfaction with the thermal environment is a multifaceted

subjective reaction influenced by various interrelated factors and possesses a less concrete
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nature [123]. Thermal comfort is influenced by various behavioral and action-oriented
factors, including but not limited to altering clothing, modifying activities, changing
positions, adjusting the thermostat or air conditioner, opening windows, expressing

dissatisfaction, or vacating a particular location.

1.12. Thermophysical and hygrothermal parameters of bio-based materials for
thermal insulation.

1.12.1.Definition of bio-sourced materials

Biosourced materials are characterized as materials in which at least one of their constituents
originates from biomass. Biomass encompasses a wide range of plant-derived substances,
including but not limited to wood, hemp, straw, bamboo, coconut, banana, bagasse, and flax
[124]. Additionally, biomass includes animal-derived materials such as skin and fat, with the
exception of those sourced from geological or fossil origins [125]. Biomass is widely

recognized as a sustainable and optimal energy resource capable of substituting fossil fuels.

Using bio-sourced materials in constructing building envelopes has economic, social, and
environmental advantages owing to their renewable, environmentally benign, and recyclable
characteristics. Indeed, utilizing these methods can contribute to mitigating the depletion of
fossil energy resources and reducing greenhouse gas emissions, specifically, the atmospheric
carbon dioxide that plants absorb during photosynthesis. In recent decades, it has been
widely acknowledged that climate change on a global scale has mostly been driven by
anthropogenic greenhouse gas emissions. This process is notably characterized by the
increase in mean air and ocean surface temperatures, the depletion of the ozone layer,
extensive melting of snow and polar ice, escalating sea levels, and instances of drought.
Using biosourced materials in the building envelope within tropical regions might contribute
to establishing a conducive indoor environment, particularly by enhancing indoor air quality

and promoting thermal comfort.

Biosourced materials can be utilized in many applications within the present construction
industry. Natural fibers can be effective thermal insulation materials, including coconut,
banana, bagasse, wood wool, straw bales, cellulose wadding, and hemp. In addition, various
elements such as wood, hemp concrete, and flax concrete can be employed as structural or
filling components to enhance the overall stability of the building. Ultimately, these
materials have the potential to serve as effective coatings, exemplified by the utilization of

hemp-lime and earth-straw mixes.
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1.12.2. The Concept of Thermal Conductivity

The thermal conductivity of a substance is a fundamental property that describes its capacity
to transport heat through mediums without any noticeable movement of matter at a
macroscopic level. The term "thermal conductivity" refers to the quotient of the rate of heat
transfer (expressed in Watts) and the temperature gradient across a given surface area [126].
Thermal conductivity is a highly desirable thermo-physical property in construction
materials. It quantifies the capacity of heat to efficiently propagate through a solid object in
a condition of equilibrium. The thermal conductivity is influenced by the inherent
characteristics of the material as well as its temperature [127]. Thermal conductivity can be
regarded as the primary thermal attribute of any insulating material, as the material's thermal
resistance determines it. Insulating materials are distinguished by their low thermal
conductivity and high thermal resistance. At the nanoscale, heat transfer in materials can

occur through several particles or quasi-particles.

The combined effects of each particle determine a material's thermal conductivity. Atomic
and molecular structure, porosity (air pockets), and anisotropy affect thermal conductivity
in insulators at the microscopic level [127]. Biomaterials like plant fibers are porous. In
humid tropical climates, hourly temperature and humidity changes can affect thermo-
physical properties like thermal conductivity. Thus, humidity, density, temperature rise, and
applied pressure affect thermal conductivity [128]. Temperature and humidity can increase
thermal conductivity and compromise an insulating material's hygrothermal performance.
The energy conservation efficiency of a structure decreases as thermal conductivity
increases.In arid environments, the determination of thermal conductivity follows the
principles outlined in Fourier's law, which provides a mathematical expression for its
calculation during a state of equilibrium [129].

Be

A=
* T S(TyTy)

When materials experience substantial fluctuations in humidity levels (H), it is possible to
establish a correlation that enables the estimation of the thermal conductivities of both the
dry and wet materials without direct measurements. This correlation involves using the

exponential function, denoted as "exp."
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The equation (1) is an exponential decay model, where A represents the decay rate, A
represents the initial decay rate, and H represents the decay time [35]. The equation may be

written as:
A = A,e008H (1)
1.12.3. The Concept of Thermal Resistance

Thermal resistance, symbolized as Rth measures the resistance to the passage of heat
between two isotherms where heat transfer occurs by conduction, convection, or radiation.
Isotherms can manifest as flat and parallel surfaces, such as the walls or roofs of buildings.
This text elucidates thermal insulation's capacity to withstand high and low temperatures. It

is observed that insulation becomes more efficient as its thermal resistance increases.

When a uniform layer of plant fiber with a thickness denoted as 'e' is subjected to a
unidirectional heat flow in a one-dimensional manner perpendicular to its cross-section, the
thermal resistance of the layer may be determined using the relationship provided in

references [1].

e
R T —
th =53

1.12.4. Thermal Effusivity and Thermal Diffusivity

Thermal effusivity pertains to the capacity of materials to absorb or dissipate thermal energy
rapidly. The concept of effusivity pertains to the perception of thermal experience, precisely
the degree of warmth or coldness conveyed by a specific material. A substance with a high
effusivity (E) efficiently absorbs a substantial amount of energy while experiencing minimal

surface temperature increase. Such materials include metal, stone, and pottery [130].

Insulating materials like wood have a low effusivity number because they rapidly increase
in temperature and absorb little heat. Thermal effusivity is inversely proportional to
heating rate, so lower values heat faster. Conversely, higher thermal effusivity values

increase heat absorption without increasing temperature.

After one second, a material surface of one square meter transfers thermal energy, measured
in kilojoules (KJ), to another surface one square meter hotter and one degree Celsius
higher.Similar to the diffusivity (a), the thermal effusivity (E) is determined by the thermal
capacity and thermal conductivity (L) of the material. The thermal effusivity is stated in

W.S"2m?K"!, while the thermal conductivity (A) is expressed in Wm™'K"!. Additionally, the
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material's specific heat (Cp) is measured in JKg'K"!, and the density of the material (p) is

measured in Kgm™.

E = 4/ p)\Cp

A substance conducts heat at thermal diffusivity, measured in square meters per second. Heat
conduction is mostly affected by wall insulators like plant fibers. Low thermal diffusivity
slows material heat transfer [130].

A
pCp

Thermal effusivity is a parameter that can be used to describe the capacity of a material to
undergo temperature variations in response to thermal energy absorption. Two phenomena

co-occur concurrently [35].

-The absorption of energy occurs in a localized manner, contingent upon the thermal

capacity of the material.

-The transfer of energy occurs between adjacent regions, and the extent of this transfer is

contingent upon the material's thermal conductivity.

The concepts of effusivity and diffusivity are utilized to assess a material's thermal inertia,

which refers to its capacity to retain and disperse thermal energy over time.
Conclusion

In summary, Chapter 1 introduces composite materials and thermal insulation. Composite
materials, made by combining different materials, offer enhanced properties. Natural and
synthetic fibres are used for reinforcement, with adhesion optimization methods improving
performance. Thermal insulation materials are crucial for human comfort in buildings, and
various options are available. The chapter also discusses using natural fibres from date palm
trees for sustainable materials. Understanding these materials is vital for designing efficient

solutions.
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Introduction

Chapter 2 provides a comprehensive review of relevant research in the field of composite
materials and thermal insulation. The chapter is structured into three parts, each highlighting
different aspects of previous studies. The first part discusses the utilization of polystyrene in
composite materials, while the second part focuses on the use of gypsum as a matrix. The
third part summarizes studies involving date palm fiber as reinforcement. This review aims
to provide a solid foundation for understanding the current state of research in the field,

setting the stage for the research presented in this thesis.

IT .1.Works on polystyrene composite
Hittini et al.[7]: In this investigation, Authors explored the mechanical behavior of

composites comprising date pit and polystyrene (DPP-PS). These composites were designed
as thermally insulating materials for the construction industry, featuring varied proportions
of date pit content (0%, 10%, 20%, 30%, 40%, and 50%). Generally, they found that an
increase in filler content resulted in a weakening of mechanical properties. The decrease in
the compressive strength of the composite was negligible when the filler content was below
30%. The DPP-PS composites exhibited higher tensile strength (ranging from 1.12 to 0.34
MPa), compressive strength (ranging from 11.58 to 2.31 MPa), and flexural strength
(ranging from 21.10 to 2.37 MPa). The deterioration in mechanical properties when
incorporating DPP into PS was explained by the agglomeration of natural fillers, creating
stress concentration points, and the poor compatibility between fillers and the polymer
matrix. Agglomeration of filler particles, facilitated by hydrogen bonds, and the weaker
strength of filler particles compared to the polymer matrix hindered stress transfer and led

to stress concentration.

Notably, an alkaline treatment of DPP using NaOH solution effectively enhanced the tensile
and flexural strength of all prepared composites. This treatment improved compatibility
between the matrix and natural fillers. SEM image analysis revealed alterations in the surface
roughness of DPP, indicating enhanced interaction between fillers and the PS matrix. TGA
analysis and FTIR spectra of the treated filler confirm that improved adhesion resulted from

removing hydrophilic components from DPP.
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In the other side Basim Abu-Jdayil et al.[131] investigate the thermophysical proprieties of
the previous composite material elaborated by Hittini et al.[7], The results obtained in this
study demonstrate that date pit powder can serve as a filler in a polystyrene matrix, resulting
in the formation of insulating composites with both low thermal conductivity and low
density. The authors found that as the date pit content increased, there were slight increases
in both the thermal conductivity and density. The composite, containing 40 wt.% date pit
powder, exhibits the following properties: a thermal conductivity of 0.0558 W/m K, a water
retention of 26.0%, and a bulk density of 565 kg/m°.

In contrast, composites with 10-DPP, 20-DPP, and 30-DPP exhibited lower water retention
at room temperature and hot water immersion.  The substitution of one-third of the
traditional building wall material with DPP-polystyrene composite demonstrates the
potential for use in construction, functioning as a thermal insulator and resulting in an 85%

decrease in overall thermal conductivity.

Masri et al. [2] present an experimental study on the characterization of innovative wood-
plastic composites based on waste materials (date palm fibers, expanded polystyrene). Date
palm leaflets are used as reinforcing particles, and expanded polystyrene EPS waste
dissolved in gasoline is used as a matrix. The results were obtained after mechanical,
thermal, and morphological tests on composite materials prepared in different particle sizes
and mass fractions. The results obtained from mechanical, thermal, and morphological tests
on composite materials prepared in different particle sizes and mass fractions show the
excellent adhesion of the wood/matrix interface. According to the authors, Mechanical
properties are acceptable, with a flexural modulus and maximum stress of up to 0.78GPa
and 2.84MPa, respectively, and densities ranging from 542 to824 kg/m3, comparable to
conventional materials such as hardwood, softwood, and MDF. The average thermal
conductivity was between 0.11 and 0.16 W/m.K. Using date palm waste as reinforcement in

composites is considered an excellent natural reinforcement.

Adewale George Adeniyi et al. [11] fabricated and analyzed polystyrene composites
reinforced with wood dust from the isoberlinia doka tree. The composites were made using
the hand lay-up method under moderate pressure. The effects of different factors, including
filler concentration (15%, 30%, and 45%), filler size (149 pum, 250 um, and 841 pum), and

NaOH concentration (2%, 4%, and 6%), on the mechanical properties of the composite were
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investigated. Additionally, the impact of filler content on the thermal characteristics of the
composite was examined. The composites were analyzed to assess their mechanical,
thermal, and microstructural properties. The study found that the mechanical characteristics
were significantly enhanced when the filler concentration was 30%, the filler size was 841
um, and the NaOH concentration was 4% during the process. Furthermore, the composite
notably enhanced its thermal properties when the filler content reached 30%. Additionally,
the microstructural analysis suggested a positive indication of effective interaction between

the filler and the polymer matrix.

Poletto et al.[8] their study examined the mechanical and dynamic mechanical properties of
cellulose fibers-reinforced polystyrene composites as a function of cellulose fiber content
and coupling agent effect (styrene-maleic anhydride (SMA). The composites were
fabricated via a corotating twin-screw extruder and subjected to injection molding. The
experiment involved three different degrees of filler loading (10, 20, and 30 wt%) and a
constant dose of coupling agent (2 wt%). The findings indicated an increase in cellulose
fiber content over 20 wt% reduced mechanical characteristics (Flexural Strength and Impact
strength). On the other hand, including a coupling agent significantly enhances the
mechanical and dynamic mechanical properties. Incorporating a coupling agent enhanced
the storage modulus and decreased the damping peak values of the composites as a result of
the enhanced interfacial adhesion. The height of the damping peak was determined to be
contingent upon the cellulose fiber concentration and the interfacial adhesion between the
fiber and matrix. The adhesion factor values validate that the utilization of a coupling agent

leads to superior adherence.

Singha et al. [132] prepared and characterized composites using both untreated and
chemically modified Agave fibers to investigate the impact of reinforcement on the
mechanical properties of the polystyrene matrix. ~The Agave fiber underwent surface
modification using the process of graft copolymerization, where methyl methacrylate
(MMA) was grafted onto it using ceric ammonium nitrate (CAN) as the initiator. These
composites were prepared using various fiber contents of both raw and grafted fibers,
ranging from 10% to 30% by weight. Research has determined that a fiber concentration
of 20% yields the most favorable mechanical qualities (tensile, compressive, and flexural

strength). An investigation has also been conducted on how the mechanical properties of
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composites are affected by varying fiber diameters, including particle, short, and long fibers.
Particle reinforcement has been discovered to yield superior mechanical qualities compared
to both short and long-fiber reinforcement. Scanning electron microscopy (SEM) study of
composite samples that underwent tensile fracture revealed a more uniform dispersion of
particles and short fibers in the polystyrene (PS) matrix, in contrast to the presence of long
fibers. The thermogravimetric analysis/differential thermal analysis (TGA/DTA) techniques
result in the surface-modified fiber-reinforced composites exhibiting greater thermal

stability than the raw fiber-reinforced composites.

Zafar et al. [133] produce Polystyrene composites using an in-situ polymerization process,
utilizing wheat, rice, and mustard husk as fillers. The study utilized three distinct loading
levels (5%, 10%, and 15%) of filler material, as well as three different sizes (250-355 p,
355-500 p, 500-710 p) of the filler particles. The objective was to investigate the impact of
these compositions on various mechanical properties of the synthesized composites. It may
be inferred that the tensile strength, flexural strength, and hardness generally rise as the
amount of filler material increases and decreases as the size of the filler particles grows. The
results indicate that using filler size between 250-355 p with a loading of 5% yields the
highest mechanical values across all three types of fillers regarding water absorptivity; a

minor

Raza et al.[134] have developed thermoplastic insulating composites witch formed by
melting expandable polystyrene (PS) and date palm surface fibers (DSF) at varying weight
percentages (10-40%) in order to enhance biodegradability and encourage sustainability. The
developed insulating composites had outstanding thermal characteristics, characterized by a
low thermal conductivity of 0.053 W/(m.K) and a low thermal diffusivity of 0.045 mm?/sec.
The thermogravimetric investigation revealed exceptional thermal stability, with a Tonset
above 300 °C and a negligible mass loss of roughly 6%. The differential scanning
calorimetry revealed a glass transition temperature (Tg) of approximately 100 C. The
investigation of the lifespan of the PS-DSF composites revealed that they retained about
100% of their mass over 10 years when subjected to temperatures between 30 and 120 C.
This indicates that they are well-suited for insulating applications that need long-term

durability. The incorporation of DSF also demonstrated favorable synergistic impacts on
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thermal stability. The insulating composites exhibited enhanced compressive strength (19.33

to 22.66 MPa) compared to pure PS.

A novel technique for producing a composite material using polystyrene and hazelnut shell
powder has been performed by Natalia Igorevna et al.[135] In their work. Results show that
The ideal mixture of the composite consists of 60-80 weight percent of polystyrene and 20-
40 weight percent of modified hazelnut shell powder. At a filler concentration of 30 wt.%,
the composite exhibits the following properties: a density of 1154 kg/m3, a Vickers hardness
0f 20.19 at a load of 200 g, a water absorption rate of 2.1%, and a flexural strength of 20.41
MPa.

Abdu Mohammed et al.[136] examined the mechanical properties of flax fibers reinforced
with extended polystyrene composites (FFEPS) with varying fiber content, including tensile
strength, flexural strength, impact strength, and water absorption qualities. Results show that
tensile strength significantly rose from 18.57 MPa to 25.28 MPa, representing a 36%
improvement at a maximum of 30% fiber loading. However, it decreased to 12.08 MPa when
the fiber loading reached 40%. Likewise, the tensile modulus increased from 2.64 GPa to
3.11 GPa, representing a significant 17.6% peak rise at a fiber loading of 30%, but then
decreased to 2.56 GPa with a fiber loading of 40%. The impact strength and flexure strength
of composites made from flax fiber and extended polystyrene increased as the fiber content
increased to 30%, then decreased at fiber loading of 40%. The authors explained the
decrease in tensile strength, tensile modulus, impact, and flexural strength values seen at a
fiber content of 40% due to insufficient wetting and weak bonding between the fibers and
the matrix. Simultaneously, the water absorption properties significantly increased from
1.49% at 20% fiber level to 3.48% at 40% fiber content due to the hydrophilic characteristics
of flax fiber.

Ayse Bicer et al.[137] Examined The employment potential of Expanded Polystyrene waste
Foam (EPS) as a filler material in plaster(Containing varying proportions of gypsum, namely
20%, 40%, 60%, and 80%.), which is enhanced with the addition of tragacanth resin (0.5%,
1%, and 1.5%) of the weight of the mixture To generate fake pores on gypsum block. The
study reveals that the thermal conductivity, compression, and tensile strength exhibit a
reduction when the proportion of EPS and tragacanth in the combination increases. The

thermal conductivity of the material with 80% EPS and 1.5% resin content was measured to
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be 0.047 W/mK, the lowest value obtained. On the other hand, while the EPS ratio increased,
the water absorption rate decreased. They found that samples exhibited a water absorption
ratio of over 30%. Consequently, the samples are unsuitable for use as outside plaster,

according to this study.

The objective of the study conducted by Gehad et al. [138] was to create banana leaves-
polystyrene composites (BL-PS) that can serve as an affordable and environmentally
friendly thermal insulator. The BL powder was combined with PS in various weight ratios,
specifically 90:10, 80:20, 70:30, and 60:40. Thermal conductivity, electrical conductivity,
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC) were performed on BL and BL-PS composites containing 10 wt.% (BL-
PS1) and 30 wt.% (BL-PS3) of polystyrene (PS) powder. The produced composites have a
low thermal conductivity, ranging from 0.0183 to 0.03168 W/m.K. The BL-PS1 had the
lowest thermal conductivity of 0.0183 W/m.K, which can be attributed to its high
crystallinity and thermal stability, which was found at 61.09%.

I1 .2.Works on gypsum composite

Achille D'esir’e et al. [139] studied the effect of adding fiber bundles taken from
Rhecktophyllum camerunense (RC) and Ananas comosus (AC) to gypsum plaster
composites.

The mean values for Young's modulus, tensile strength, and elongation at break of AC
(respectively RC) fiber bundles were 12.2 GPa, 487 MPa, and 3.2% (respectively 5.2 GPa,
268 MPa, and 21.6%). For composite, results show that the dispersion correlated with the
geometric characteristics of the fiber bundle's cross-sections, the gauge length, and the type
of plant. Gypsum plaster composites were fabricated by casting/evaporation, utilizing a
water/plaster mixing ratio of 0.8 and a fiber bundle volume content of 1%. The composites
were evaluated utilizing bending and indentation tests. The investigation demonstrated that
the examined fiber bundles resulted in a significant enhancement of the flexural stiffness,
stress at fracture, and toughness of gypsum composites. However, these improvements
needed to be improved to those achieved by an equivalent volume of glass fiber bundles.
The paper of Amara et al.[140] described a study that combines experiments and theory to

investigate the thermal physical properties of composites made from plaster reinforced with
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fibers from date palm trees. The "DICO" method was employed to ascertain the thermal
conductivity and diffusivity of composites in this study (2%, 5%, 8% and 10%). The palm
tree fibers are directly integrated into a plaster mixture without prior treatment. In addition,
the interface of palm tree fibers is examined using Scanning Electron Microscopy (SEM).
The experimental results demonstrate that  The thermal conductivity of composites
decreases from 0.431 W/m K for the sample lacking fibers to 0.232 W/m K for the most
highly insulating material( reinforced with 10% of fibers). In addition, It has been shown
that an increase in the ratio of fiber mass results in a reduction in the effective thermal

diffusivity of the composite (from 4.225 to 3.417)107 m?/s.

The objective of this study, realized by Djoudi et al. [141], was to investigate the impact of
length and fiber content on the thermal and physical characteristics of date palm fibers mesh
reinforced plaster concrete.  The analysis of the results revealed that the thermal
conductivity was strongly dependent on the fiber content. Therefore, the thermal
conductivity decreased as the amount of fiber material rose. The specimen with the highest
insulation properties was seen when 2% of the ratio consisted of date palm fibers measuring
20 mm in length. The statistics on lightweight aggregate concrete reported in the literature
ranged from 0.3 to 0.6 W/mK, which aligns with the estimate provided. The experimental
results demonstrated an inverse relationship between the heat-insulating effectiveness of a
material and its dry unit weight. The authors explained that the decline in the thermal
diffusivity and effusivity of this composite material as the fiber content in the matrix
increases by the presence of fiber, regardless of concentration, does not facilitate the

conduction of heat energy within the material.

Naiiri et al. [13] assessed the viability of employing doum palm fibers reinforced gypsum
plaster as a thermal insulator in construction materials. For mechanical and thermo-physical
characterization, several composite configurations containing three diameters and five
weight ratios (ranging from 0.5% to 2.5%) of doum palm fiber were elaborated. Doum palm
fibers were treated with a 1% concentration of NaOH solution to strengthen their resistance.
Furthermore, the specimens underwent mechanical property testing after seven (07) days,
twenty-eight (28) days, and one year of normal curing. The obtained results demonstrate that
composites reinforced with treated fibers perform better mechanically. In actuality, gypsum

mortar reinforced with treated reinforcement sieve at 1% of fibers produced better outcomes.
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The study examined the long-term durability of gypsum mortar reinforced with doum fiber
under natural aging conditions. After one year of natural aging, it was noted that the
composite's performance had increased, with an average increase in flexural strength from
1.53MPa to 3.25MPa. In addition, the findings suggested a correlation between the thermal
conductivity and the amount of fibers present. Consequently, the thermal conductivity

diminished as the amount of fibers increased.

Gallala et al.[142] examined the impact of using date palm fiber waste (DPFW) (7, 10, 15,
17, and 20 %) as a reinforcing material on the mechanical characteristics of the plaster-based
composite. An investigation has also been conducted on the effects of an alkaline treatment
(1 %, 2 %, and 4 %) for 24 hours and the temperature used for drying. Results show that
including DPFW enhances mechanical robustness as the proportion and length of the fibers
increase compared to a control plaster. Additionally, The use of NaOH improved the
rheological characteristics (flexion and compression) of the biocomposite. It decreased the
delay in its performance by eliminating contaminants and certain soluble substances. In
addition, the epoxy coating significantly aided in decreasing water absorption. The physical
characteristics exhibited greater porosity and hydrophilicity, resulting in a high absorption
capacity. The flexural and compressive strength gradually rose over time, which can be
attributed to the process of plaster hardening and the enhanced adhesion between the matrix
and fiber. An experimental demonstration showed that including 17% DPFW resulted in a
composite material with a thermal conductivity of 0.52 Wm'K™! and a density of 1415 kg

1’1’173 .

The primary aim of the study conducted by Ouakarrouch et al.[143] was to enhance the
thermal characteristics of gypsum plaster by including chicken feather waste (CFW) and to
utilize it in constructing wall and ceiling mortars. The thermal conductivity, thermal
diffusivity, and thermal effusivity of the samples under investigation were determined using
the steady hot plate, flash, and transient hot plate methods, respectively. The results
demonstrate that increasing the mass percentage of chicken feathers (2%, 3%, 4%, and 5%)
led to a notable enhancement characterized by a decrease in the thermal characteristics of

the material.

The reduction in thermal conductivity was as high as 36% (0.481 W/m.K, for pure plaster to
0.309 W/m.K, which corresponds to the CFW composite of P + 5%., while the reduction in
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thermal diffusivity was 13%, in thermal effusivity was 23% (It decreases from 946.67
J/m? K.s'? for the purified plaster sample to 731 J/m2K.s'’2 for the P+5% CFW composite.),
and in volumetric thermal capacity was 16% (ranging from 1550 kJ/m3.K for the pure plaster
sample to 1310 kJ/m> K for the composite P + 5% CFW.). Using the Design Builder
software, The obtained data were used to conduct dynamic thermal simulations on a standard
residential structure. The study found that using a composite material of 5% chicken feather
waste in the external walls and roof of the building resulted in a 24.8% reduction in cooling
consumption during summer and a 29.4% decrease in heating requirements during winter.
Additionally, this approach significantly reduced CO2 emissions by approximately 408 kg

per unit area.

The paper of Braiek et al.[144] presents the findings of an experimental study on the
thermophysical characteristics of a composite material made from DPF and gypsum. The
thermophysical characteristics were measured using both the periodic and flash methods.
The study's objective was to assess the feasibility of utilizing the novel composite
PDF/gypsum as an insulating material to decrease energy consumption in buildings. A
substantial enhancement in the thermal characteristics of the DPF/gypsum composite is seen
in comparison to gypsum alone. In addition, the thermal conductivity and density decreased
as the concentration of DPF in the gypsum matrix increased (from 0 to 20%). Subsequently,
the acquired behaviors indicate that the inclusion of 20% DPF resulted in a composite
material with a thermal conductivity of 0.17 W m 'K"! and a density of 736 kg m—3. These
obtained values are lower than or equal to numerous insulating materials' thermal
conductivity and density. The authors noted that adding 20% DPF to gypsum results in a
composite material with favorable thermophysical properties. This composite can be
effectively utilized in the construction industry as a new material for improving building

energy efficiency.

The study by Mutuk et al. [145] aimed to utilize hemp fiber and banana fiber as natural fiber
additives in the gypsum composite to create an environmentally friendly bio-composite.
The natural fibers undergo chemical modification using a 5% NaOH solution to facilitate a
strong connection between the fiber and matrix interface. The composite hardness test
yielded a score of 50.4 for the sample containing 5 wt% fiber. A marginal drop is observed

compared to the control plaster sample test result 53.6. Nevertheless, it has been noted that
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the fibers effectively maintained the structural integrity and prevented the spread of cracks.
The addition of fibers to the composite increased its porous structure, which in turn led to a
reduction in its heat conductivity. The thermal conductivity of a 5 wt% fiber-reinforced
gypsum composite (0.131 W/mK) was compared to that of pure gypsum (0.237 W/mK). The
comparison yielded a good result, indicating that the composite has potential as an insulating

material.

The study of Nafis et al. [146] aimed to assess the influence of jute fiber on the mechanical
characteristics of gypsum plasterboard. To create this board, a mixture of Plaster of Paris
and water was meticulously blended to form a suspension initially. Gypsum composites
were prepared with varying fiber loadings of 2, 4, 6, and 8%. The addition of 6% fiber
resulted in the highest tensile properties, approximately (1.04 Mpa), whereas the inclusion

of 8% fiber led to lower tensile and flexural values.

The impact test findings demonstrated a progressive enhancement in performance with the
addition of fibers (reaching 42.25 j/m for 8% fiber-reinforced composite). However, the
hardness values exhibited a decline in hardness as the fiber loading increased, which reached
6.9% fiber-reinforced composite). The FTIR data and SEM results indicated no substantial
chemical bonding in the composites. Instead, the composite primarily relied on mechanical

bonding between the resin crystals and the fiber and gypsum matrix.

Chikhi [147] et al. present an experimental study examined the utilization of DPF as
reinforcement in a gypsum matrix. This study investigates the impact of date palm fibers
(DPF) derived from the Phoenix dactyliferalL plant in Biskra Oasis, Algeria, on gypsum-
based composites' thermal conductivity, water absorption, and mechanical properties. The
objective was to assess the feasibility of utilizing date palm fibers (DPF) derived from the
Phoenix dactyliferalL plant in Biskra Oasis, Algeria, as reinforcement for gypsum-based
composites. The compressive and flexural strength of the biocomposite samples, made using
a gypsum matrix, decreases as the amount of fibers in the samples increases. The gypsum
materials based on DPF (3mm in length) exhibit superior compressive strength and flexural
strength compared to those packed with bigger particles (DPF6). The HG/DPF composites
achieve greater compressive strength by incorporating 5% of DPF3 and 1.2% of DPF6. On
the other hand, greater flexural strength is achieved when using 3% DPF for both types of
fibers. Furthermore, the study of thermophysical behavior revealed that the higher the
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concentration of DPF in the gypsum matrix, the lower the thermal conductivity and density
of the composites. The authors found that the impact of DPF size on thermal characteristics
is less apparent compared to DPF concentration. Subsequently, an experimental
demonstration revealed that including 10% DPF resulted in a composite material with a
thermal conductivity (k) of 0.15 W m'K"! and a density (p) of 753 kg m™>.  Results show
that the lowest values of both thermal conductivity and density of HG/DPF are achieved
with a 10% loading of DPF.

Charai et al. [148] examined how coal fly ash (CFA) and shoot plant fibers (AF) affect
gypsum plaster's thermophysical, mechanical, and moisture properties. =~ CFA replaced
gypsum at 0-80% weight. Short AF were used as bio-aggregates at 0—6% weight. The
composites have bulk density of 934-1340 kg/m>, compressive strength of 1.38-6.98 MPa,
thermal conductivity of 0.26—0.57 W/mK, and moisture buffering of 0.41-1.71 g/m2%RH.
The experiments showed that CFA optimized hygrothermal conditions. In contrast, AF was
a hygroscopic agent and reinforcement to counteract the compressive strength loss from
pores. A lightweight gypsum composite with improved hygrothermal properties and
compressive strength greater than 2 MPa was made by incorporating 50% CFA and 6% short
AF.

The study of Kharrati et al. [149] aimed to enhance the mechanical properties of the plaster
matrix by investigating its microstructure and conducting compression and bending tests.
This is particularly important as plaster is known to have low mechanical strength. Results
proved that the alkaline treatment demonstrated significant advantages in enhancing the
adhesion between the matrix and the reinforcement, thereby reducing the brittleness of
plaster and enhancing its compressive strength. The mechanical property reaches a
maximum value of 10.4 MPa, while the flexural strength achieves its highest value of 1.5
MPa at a reinforcement level of 1%. Regarding thermal qualities, specifically conductivity,
and diffusivity, the test findings confirmed that plaster is an effective insulator. Furthermore,
its thermal properties are improved by its reinforcement. The composite performs best when
adding 7% of Luffa fibers, resulting in a conductivity of 0.162 W.m'.K™! and a diffusivity
0f1.96.10-7 m*.s.
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IT .3.Works on date palm fiber reinforcement

Basim Abu-Jdayil et AL.[1] examined the viability of using date palm seeds (DS), which are
the main byproduct of the date industry, as a filler in unsaturated polyester (UPR) matrix for
the purpose of creating thermal insulation material. Homogeneous and stable DS-UPR
composites containing a maximum volume of 70% natural filler were produced at ambient
temperature using a thermoset curing method. The created composites underwent various

physical, thermal, and mechanical tests.

In addition, the composites that were created underwent characterization utilizing various
techniques, including scanning electron microscopy (SEM), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), and Fourier-transform infrared
spectroscopy (FTIR). Various theoretical models were employed to validate density and
water retention observations. FTIR study indicates the presence of hydrogen bonding
between DS fibers and UPR, particularly at higher filler loadings. By substituting up to 50
volume percent of unsaturated polyester resin (UPR) with DS, The composite samples
exhibit promising thermal insulation and construction properties, characterized by relatively
low thermal conductivity (0.126 - 0.138 W/(m'K)), low thermal diffusivity (0.109 - 0.096
mm?2/s), low water retention (0.47 - 3.44%), and high compressive (38.4 - 88.0 MPa) and
tensile strengths (9.4 - 35.1 MPa). In addition, incorporating date seeds into the unsaturated
polyester matrix resulted in a modest rise in its glass transition temperature and enhanced its
thermal stability. The DS-UPR-created composite can be a viable substitute for insulation
materials due to its exceptional characteristics surpassing those of conventional thermal

insulators.

R. Belakroum et al.[10] They presented an empirical study of a novel environmentally-
friendly material derived from date palm fiber (DPF) and lime. The experiments conducted
on the elaborated material aim to study its mechanical, thermal, and acoustic properties and
its moisture buffering ability. A systematic study was conducted to investigate the impact
of the fiber/lime ratio on the behavior of the lightweight aggregate. The compressive
strength testing findings showed that the inclusion of PDF decreased the resistance threshold.
The samples with a 50% DPF exhibited an average compressive strength of 0.2 MPa and a
Young's modulus of 20.74 MPa. Nevertheless, the measured average values remain within

acceptable limits. Furthermore, it was noted that the thermal conductivity is very responsive
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to changes in the fiber-to-lime content ratio. The thermal conductivity was tested to have a
minimum value of 0.091 W/m.K for samples containing 50% fiber. The new material
demonstrates excellent sound absorption capabilities, as evidenced by the measured sound
absorption coefficient. Specifically, for 50% of fiber, the material exhibits absorption
coefficients of 0.65 and 0.55 for medium and high frequencies, respectively. On the other
hand, owing to its porous structure, the suggested material can absorb water vapor in a high
relative humidity setting and release it in a dry environment. Thus, it has the potential to
function as a moisture regulator. The moisture buffer value measurements indicate that the

material is rated as good or excellent, depending on the percentage of fiber present.

Novel insulating materials are suggested by Abdullah Alabdulkarem [150], employing
various binders, including cornstarch, wood adhesive, and white cement. Five hybrid
samples were created by combining surface fibers from date palm trees (PTSF) and fibers
from the Apple of Sodom plant (AOSF) in various mass ratios and densities. A single
hybrid sample was created by combining AOSF, agave fiber (AF), and glue (wood adhesive)
as a binding agent. Thermal conductivity measurements were performed on all samples
within a temperature range of 10 C to 50 C, yielding average values of 0.04234—0.05291
W/m K. AF's Fourier-transformed infrared (FT-IR) spectra exhibited distinct wavenumber
ranges corresponding to different functional groups. Thermogravimetric analysis (TGA and
DTGA) was conducted on AF, revealing that the fibers undergo degradation and
decomposition at around 221 C, resulting in a 5% reduction in their initial mass. The AF
sample was subjected to Differential Scanning Calorimetry (DSC) examination, which
revealed a wide range of endothermic transition spanning from 292 to 357 C, with a peak
observed at 353 C. The hybrid samples were tested for sound absorption coefficients, which
demonstrate their potential for use in sound absorption. The recent tests demonstrate the
viability of utilizing hybrid samples as insulating materials for thermal and acoustic

purposes.

Salah Amroune [151] This study focuses on characterizing the fibers obtained from the
branches of date palm fruits, which are abundant in Algeria. The findings of the tensile tests
unequivocally demonstrate that the chemical treatment with NaOH employed in this study
leads to a substantial enhancement in the mechanical characteristics, precisely the strength

and Young's modulus, while having minimal impact on the strain at failure. In addition,
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optimal mechanical properties are achieved by subjecting the fibers to treatment with a 3%
NaOH solution for 2 hours. This treatment results in a significant increase of 178% and
268% in the strength and Young's modulus of the fibers, respectively, compared to untreated
fibers. The average experimental results for the strength of the untreated (Raw) and treated
fibers (3% NaOH-2h) are 112 MPa and 170 MPa, respectively. The values obtained using
Weibull are 122 MPa and 187 MPa, respectively. In the other study, @ TGA-XRD
measurements demonstrate that chemical treatment can alter the chemical composition of
fibers derived from date palm fruit branches. The processed fibers exhibit enhanced thermal

stability and a greater crystallinity index than the untreated fibers.

The study of Bezazi et al. [152] examined the mechanical properties of date palm fibers,
namely their tensile behavior and cyclic fatigue. According to the authors, this is the first
time such testing has been conducted on these fibers. The findings suggest that these fibers
could be utilized to reinforce green composites. The stress and strain values at failure and
Young's modulus of 18 samples tested under quasistatic tensile loading are being compared
to the findings reported in the literature for other fibers. Cyclic fatigue tests were conducted
at 2 Hz using sinusoidal stimulation. The tests were carried out at various loading levels,
ranging from 0.6 to 0.95. These loading levels corresponded to maximum recorded forces of
15.36 N and 39.82 N, respectively. The variation of the force was recorded as a function of
the number of cycles. This enables us to track the decline in stiffness. The load-
displacement hysteresis curves demonstrate how the number of cycles and the loading level
affect the size and shape of the hysteresis loops. This allows for the computation of the

energy dissipated per cycle for the technical fibers.

The study of Semlali Aouragh Hassani et al. [153]aimed to create coated Dpf trays by
utilizing novel, non-toxic, and environmentally acceptable materials, specifically date palm
fibers coated with a bio-composite of modified clay (Mt-Tbz). Thiabendazolium was
inserted into the interlayer space of montmorillonite to augment the biological characteristics
of the resulting materials. This material was fabricated as a bilayer structure, with the first
layer consisting of treated palm fibers and the second layer composed of bio-composite films
using a coating process. The detailed coated Dpf trays were analyzed using various
techniques. The morphological analysis of the Dpf trays and coated Dpf trays (Dpf@Cs/Mt-

Tbz) reveals a more even distribution of the chitosan/montmorillonite-modified
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thiabendazole salt-based coating bio-composite on the surface of the fibers. These findings
suggest that the mechanical properties of the newly coated Dpf trays, specifically Young's
modulus (increased from 330 MPa to 1035 MPa) and tensile strength (increased from 0.5
MPa to 4 MPa), may be enhanced.

Furthermore, their ability to inhibit the growth of Escherichia coli, Staphylococcus aureus,
and Pseudomonas aeruginosa has been examined. In addition, the coating layer also
enhances the surface hydrophobicity in comparison to the uncoated surface. The current
study indicates that sophisticated coated Dpf trays can be a bilayer material in the smart

packaging market.

An experimental analysis was conducted by H. Khakpour et al. [154] to examine the impact
of bio fibers derived from various components of date palm trees on the tensile strength of
different types of structural adhesives. The variables considered were fiber type, length,
density, and the method used for treating the fiber surface. It was noted that the incorporation
of date palm fiber led to a substantial enhancement in the tensile strength of structural
adhesives. The strength witnessed a surge of over 60% in many instances. Based on the
acquired results, it is essential to conduct tests on various components of date palm tree fibers

to optimize the strength of each specific type of structural adhesive used with these fibers.

Furthermore, it has been shown that detrimental consequences such as stress concentration
become increasingly significant when weight ratios exceed a specific threshold. This leads
to a decrease in the reinforcing impact of fiber on the adhesive's tensile strength. The
significant fluctuations in the strength of the composite specimens, resulting from alterations
in the fiber density, clearly demonstrate the necessity of determining an appropriate range
for the fiber-to-adhesive weight ratio. = The experimental results indicate a positive
correlation between the fiber length and the increase in the tensile strength of the glue. For
instance, when considering composite samples of one of the adhesives analyzed, altering the
fiber length from around 0.5 mm to 20 mm enhanced adhesive strength, with the
improvement ranging from 21% to 65%. This is likely due to reduced fiber extraction from

the matrix or increased friction during the fiber extraction process.

The study of Mohammad Asim et al.[73] focused on investigating the effects of different
weight percentages (0%, 40%, 50%, and 60%) of date palm fibers (DPF) as a reinforcing
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element in phenolic composites. DPF-reinforced phenolic composites were fabricated using
the hand lay-up approach. The composites were then subjected to mechanical (tensile,
flexural, and impact) testing, as well as morphological and dynamic mechanical property
analysis. The goal was to determine the optimal fiber loading for the composites. Including
50% DPF loading enhanced the tensile modulus and impact characteristics while decreasing
the tensile strength, flexural strength, and modulus. The interfacial connection between the
fiber and matrix in composites was examined using a scanning electron microscope. The
storage modulus of DPF composites was enhanced, with the most outstanding storage
modulus observed at a 50% DPF loading. The loss modulus exhibited an increase upon
reinforcement with DPF. The composite with a 40% fiber loading showed the highest glass
transition temperature (Tg) for the loss modulus. However, the composite with a 50% fiber
loading had a Tg similar to the one with a 40% fiber loading. The tan delta of DPF
composites exhibits a low value. However, when the fiber loading increases, the glass
transition temperature (Tg) of the damping factor also increases. The results indicate that
composites with a 50% DPF content exhibit superior mechanical and thermal properties and
improved interfacial bonding between the fibers and matrix. This material can be used as

insulation in structures and for artificial ceilings and walls.

Bellatrache et al. [155] examined how incorporating plant fibers derived from date palm
waste modifies bitumen characteristics. The chemical composition, structure, mass loss by
heating, and tensile strength of palm fibers were analyzed. The properties of the bitumen-
fiber mixtures were assessed before and after aging using consistency tests (penetration,
Ring, and Ball softening point), rheological tests, and thermal tests. The investigations
involved conducting binder drainage tests on asphalt mixes to evaluate the capacity of palm
fibers to retain bitumen. The results indicated that including up to 6 wt% fibers in pure
bitumen resulted in a somewhat higher consistency, a 50% increase in viscosity, and a 40%
rise in complex modulus norm at temperatures experienced over the service life, both before
and after aging. These recent trends enable predicting the asphalt mixtures' response to
permanent deformations. Thermal investigation of the various mixes revealed that including
fibers resulted in an augmentation of bitumen crystallinity. A partially crystalline fiber
network within the bitumen matrix enhances the physico-mechanical properties of bitumen.

The binder drainage tests conducted on asphalt mixes revealed the absorption of bitumen by
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the fibers, which can be linked to their microstructure and roughness. The findings of this

study are promising for the future utilization of date palm fibers in asphalt mixtures.

The paper of Almi et al.[156] presents the findings of an experimental investigation into
the physical, chemical, and mechanical characteristics, as well as the thermal properties, of
eight different types of date palm residues originating from the same region (biskra-
Algeria). The objective is to assess each type of this organic substance for potential usage,
independently or in combination, in producing composite materials. The results indicate
that the Rachis variety demonstrates comparatively elevated levels of tensile strength and
Young's modulus, reaching 213 MPa and 8.5 GPa, respectively. On the other hand, the
Petiole variety demonstrates comparatively elevated levels of particular mechanical
qualities. This is because of its low bulk density, which is at 0.160 g/cm3. In addition, the
Petiole variety is distinguished by its relatively high porosity and a high water absorption
rate, measuring 81.52 and 140%, respectively. On the other hand, the thermal analysis results
indicate that the leaflets variety has the greatest resistance to heat degradation, with its

primary degradation occurring at a temperature of 360°C.

Boussehel et al.[157] described the process of compounding and pressing test samples using
date palm fibers reinforced PVC composites. The samples were prepared with and without
treatments, and the loading rate was 10 or 30 wt%. A comparative analysis was conducted
to assess and evaluate composites' mechanical, thermal properties, and water absorption
characteristics in relation to pure PVC. The results indicate a modification in the structure
of the fibers following the treatments, as evidenced by a decrease in the intensity of the
hydroxyl group band of cellulose. Alkaline treatment results in the partial removal of
hemicellulose and lignin.  Acetylated fibers enhance the mechanical properties of PVC
composites by establishing a chemical link between the surface of the fibers and the
polymeric matrix. The assessment of the thermal characteristics of the composites reveals
that the breakdown temperature of the composites rises from 229 °C (for untreated
composites) to 231.3 °C and 228.1 °C (for acetylated and alkali composites, respectively)
when the fiber loading is 30 wt%. The water uptake test demonstrates a correlation between
the fiber content and immersion time with increased absorption. The composites that have

been acetylated exhibit the most minimal water absorption rate.
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The work conducted by Abdalla Abdal-hay [158] examined the characteristics of date palm
fibers (DPFs) with three distinct size ranges of diameters (800-600, 600-400, and 400-200
um). It investigated the impact of alkali treatment on these fibers. Observations of
morphology using scanning electron microscopy (SEM), quantitative elemental analysis
using energy-dispersive X-ray spectroscopy (EDS) density mapping, X-ray diffraction (X-
RD), and Fourier-transform infrared (FTIR) spectroscopy were conducted on both treated
and untreated fibers. The study also examined the tensile characteristics of individual fibers
and composites made up of fibers/epoxy, both with and without chemical treatment, where

the fibers were randomly aligned and discontinuous.

The findings demonstrated that DPFs can be easily altered through chemical alteration,
especially when dealing with fine fibers. After undergoing alkali treatment, the single fiber
exhibited a 57% improvement in ultimate tensile strength and a 24.7% increase in percentage
elongation. Applying alkali treatment to the DPFs enhanced adhesion inside the matrix,

improving the composite's tensile strength, elastic modulus, and fiber-matrix interaction.

Marwa Lahouioui et al. [159] examined the effects of palm fiber treatment on the thermal,
physical, and acoustic properties of newly developed composites made of cement, sand, and
untreated and chemically treated date palm fibers. Various mass ratios (2.5%, 10%, and
20%) of untreated and chemically treated palm fibers were combined with cement, water,
and sand to create innovative composites. The composites were assessed by quantifying
their water absorption, thermal conductivity, compressive strength, and sonic transmission.
The results indicate that the inclusion of both untreated and chemically treated date palm
fibers decreases the thermal conductivity and enhances the mechanical strength of the new
composites. Thermal studies have demonstrated that the inclusion of fibers in composites
results in a reduction of thermal conductivity. Specifically, the thermal conductivity drops
from 1.38 W m—1 K—1 for the reference material to 0.31 W m™' K™! for composites
containing 5% of treated and untreated fibers. = The untreated palm fiber-reinforced
composites (DPF) had the most excellent acoustical insulation ability when the fiber
percentage was 20%. On the other hand, the treated palm fiber-reinforced composites (TPF)
demonstrated the maximum sound insulation coefficient for fiber content below 10%. The

link between compressive strength, thermal conductivity, and density indicates that only

Page 68



CHAPTER Il BIBLIOGRAPHIC REMINDER

fiber-reinforced composites (TPF) that have undergone chemical treatment are suitable

options for thermal and acoustic building insulations.

In their study, AL-Oqla et al. [160] examined the mechanical characteristics, thermal
stability, and morphological examination of date palms and polypropylene composites. The
relationship between the microstructure and the performance of the composite was
investigated using different reinforcement conditions, chemical treatments, surface
topology, thermogravimetric analysis, and its derivative. The ideal samples of date palm
leaflets (DPLs) were determined by subjecting them to different settings of sodium
hydroxide treatment. Additionally, a morphological analysis was conducted. The results

indicate that this treatment enhances the tensile strength and modulus of the composites.

Furthermore, DPL fibers benefit both the tensile and flexural modulus. The fibers achieved
the highest values when they included 30 wt% of DPL fibers. The thermal gravimetric
analysis (TGA) and differential thermal gravimetry (DTG) indicate that DPL fibers have
high thermal stability, withstanding temperatures as high as 227 °C. Furthermore, TG-DTG
thermograms demonstrate that using DPL fibers has significantly improved the thermal

stability of polypropylene composites.

Epoxy-date palm fiber (DPF) composites have been successfully created and analyzed using
varied ratios of DPF reinforcement (i.e., 5, 10, 15, and 20 wt%) in the work of Ali, Malek et
al. [161]. Increasing the DPF ratio in the Epoxy matrix led to improvements in mechanical
test results such as impact, creep, and tensile strength. The hardness of the material rises as
the content of DPF (Dried Pulp Fiber) is increased up to 15wt% due to the high
concentration of lignin (20-28 wt%) in the fiber structure, efficient fiber dispersion and
strong interfacial bonding between the Epoxy and DPF. The hardness of the Epoxy-DPF
composites with 20 wt% DPF decreased due to agglomeration, porosity, weak interfacial
bonding, poor wettability, and the absence of the Epoxy matrix between fibers. As a
consequence, the mechanical test results were unsatisfactory. The impact strength of
Epoxy-DPF composites, with fiber ratios of 5, 10, 15, and 20 wt%, was measured to be 0.1,
0.11, 0.12, and 0.13 J/mm2, respectively. The optimal impact strength is achieved by
utilizing an appropriate length of DPF and including 20 wt% of resilient DPF.
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Furthermore, the maximal impact strength is achieved through excellent stress transmission,
resulting from the robust interfacial adhesion between Epoxy and DPF and the favorable
random distribution of DPF, which enhances resistance to crack propagation. Compared to
composites with a low weight percentage of DPF, an epoxy-DPF composite with a 20%
creep strain can withstand more strain before failing and is significantly more malleable.
The tensile strength of samples with 5, 10, 15, and 20 weight percent DPF content is
measured to be 18.5, 19.7, 21.3, and 23.4 Newtons per square millimeter, respectively.
Including a limited quantity of reinforced DPF hinders the efficient and straightforward
passage of applied stress inside the composite material, specifically between the fibers and
the matrix. As a result, epoxy-DPF composites with a DPF concentration of 5 wt% exhibit
poor tensile strength values. However, the tensile strength of Epoxy-DPF composites with
20 wt% and a defined length of DPF is rather high due to an adequate DPF. This allows for

the efficient and seamless transfer of longitudinal stress between the DPF and the matrix.
Conclusion

Based on the comprehensive review of relevant literature presented in this chapter, it is
evident that there is significant potential in using various materials, such as polystyrene,
gypsum, and date palm fibre, in composite materials and thermal insulation. Previous studies
have demonstrated these materials' effectiveness in enhancing composites' mechanical
properties and thermal performance. However, this area still has room for further research
and development. Our research aims to build upon these findings and contribute to the
existing knowledge by exploring novel approaches and applications in composite materials
and thermal insulation. By leveraging the insights gained from the literature review, we seek
to address key challenges and advance the field towards more sustainable and efficient

solutions.
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Introduction

Chapter 03 describes the materials used and the methodology employed in developing
and characterizing the two biocomposite materials for thermal insulation. The chapter
outlines the sources and preparation methods of the waste plant compounds, as well as the
experimental procedures for fabricating and testing the composites. The materials' physical,
mechanical, thermal, and morphological properties were analyzed using various techniques

described in this chapter.

II1.1. Materials

II1.1.1. Polystyrene

The matrix employed in this study is expandable polystyrene (EPS). It is a thermoplastic
material composed of 98% air and 2% polystyrene. The thermal conductivity of Expanded
Polystyrene (EPS) has a range of values between 0.035 and 0.04 W/mK, with variations seen
based on its density [139] .

For the first composite material, which is date palm fiber reinforced polystyrene composite,
The Sunchem D-105 fasted cycling polystyrene grade was used (Figure II1.1). The product
supply was provided by SARL POLYMOST, a company based in Setif, Algeria. The
primary focus of this organization is the production of polystyrene plates. The utilization of
the D series is prevalent in packaging materials, primarily safeguarding items from potential
damage and offering thermal insulation properties [162]. The provider provides detailed

technical parameters for the polymer in Table III.1.

Figure Ill. 1. The EPS used for PS-DPF composite material.
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Table III. 1 Technical parameter of EPS.

EPS specification values
Beads size (mm) 0.70-1.00
sieving 95%
Blowing agent Pentane
Residual monomer <0.3%
Moisture content <0.5%
CFC content nil

It is important to note that this type of EPS was used to manufacture the PS-DPF
composite material due to its ease of use in the melt-extruder.

For the second composite material wich, we used gypsum as a binder. EPS waste was
retrieved from proprietors of electrical appliance retailers; the remnants were manually
segregated into diminutive pellets utilizing an abrasion technique (Figure I11.2). Following
that, the shots were subjected to a process of sifting to attain consistent size, whereby pellets
that fell within the 0 to 3mm range were selected to generate hybrid composite material

samples.

Figure III. 2. Photograph of (a) expanded polystyrene wastes and (b) expanded
polystyrene pearls used.
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II1.1.2. Date palm Fibers

For the first composite material, a date palm fiber reinforced polystyrene composite, using
fibers obtained from date palm leaflets as reinforcement, was conducted in Figure II1.3-d.
On the other side, we used the petiole part Figure I11.3-c for the gypsum hybrid composite.
The decision to employ the petiole component can be ascribed to its favorable attributes,
specifically its low Bulk density of 590 kg/m3 and thermal conductivity of 0.0895 W/m.K
[4,163,164]. The fibers were derived from the Deglet Noor species of date palm (Figure
II1.3- a) and served as a means of reinforcing. The selection of this specific cultivar is

predicated upon its notable prevalence within Algeria.

The waste (Figure II1.3-b) materials were gathered from a palm oasis in the Horaya district
of Biskra, in the southeastern part of Algeria. Before the grinding process, the waste of the
date palm was thoroughly washed and left to air-dry for four days. Subsequently, the
materials underwent crushing via a ball mill apparatus and subsequent sieving. The
composites were manufactured using exclusively date palm fibers (DPF), with diameters
ranging from 90 to 120 microns. The unprocessed fiber, commonly referred to as raw fiber,

is denoted as UDPF (Figure I11.4-a).

: date fruit|

leaflets part  Rachis Petiole part

Petiole

Figure III. 3. Distinct sections of a palm tree: (a) date palm tree, (b) the palm.
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II1.1.3. Chemical treatments applied to leaflets of date palm fiber
I11.1.3.1. Alkaline Processing

This stage involves submerging the fibers in a 10% sodium hydroxide (NaOH) solution
provided by the company "BIOCHEM Chermopharma." The experiment was conducted
under ambient conditions for 12 hours. After that, the fibers are subjected to multiple rinses
using distilled water supplemented with a concentration of 10 to 1 mol/l of acetic acid to
counterbalance the soda surplus. Ultimately, the substance undergoes a rinsing process with
distilled water to achieve pH neutrality. Subsequently, the specimen was subjected to a
thermal treatment by being placed into an oven set at a temperature of 80°C for 24 hours

[165]. The alkali fibers are denoted as ADPF (Figure I11.4-b).

I11.1.3.2. Benzoylation Processing

A portion of the ADPF sample was subjected to additional treatment involving the addition
of 50 ml of benzoyl chloride, which was thoroughly mixed with a 10% NaOH solution for
15 minutes [166,167]. Following the designated time intervals, the DPF that underwent
treatment was subjected to a water wash and subsequently immersed in ethanol for one hour.
Subsequently, the final cleansing procedure was carried out employing tap water. The fibers
that had been washed were subjected to a drying process in an oven for 24 hours at a
temperature of 80°C, as reported in references 19 and 20. The fiber that has been subjected
to benzoylation is denoted as BDPF (Figure I11.4-c)

Figure I1l. 4. The used fibers for PS-DPF manufacturing (a) UDPF (b) ADPF (c) BDPF.
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II1.1.4. Gypsum plaster
The gypsum plaster used in this investigation was obtained from commercial vendors

specializing in construction materials (Figure I1L.5).

The gypsum sample in question was sourced from the Oueled Djalal brand, produced by the
Alpha Cristo Company for Industry located in the Ouled Djellal region of Algeria. The
gypsum plaster is obtained through extraction and subsequent exposure of gypsum to

elevated temperatures of 150 °C, as described by the equation (2).

2CaS04+4H20 + Heat — 2CaS04*H20 + 3H20 (2)

(b)

¥
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Figure I1l. 5. Photograph of gypsum powder (a) and its SEM
micrograph (b)

I11.2. Preparation of composites

I11.2.1. Date palm leaflets fiber reinforced polystyrene (PS-DPF)

The composites were fabricated using a HAAKE PolyLab OC melt extruder
manufactured by Thermo Scientific (Figure II1.6-a). The extrusion process involved a
mixing speed of 30 revolutions per minute, an extruding temperature ranging from 170 to
190 degrees Celsius, and a torque of 4.5 N. m. It is important to note that the extrusion

conditions remained consistent for all samples.

The extruded strips are placed within the mold, positioned between two aluminum
sheets, and subjected to compression for 10 minutes at a temperature of 180 °C and a
pressure of 300 bar. This compression process utilizes a hydraulic press known as the
Schwabenthan polystat 300S (Figure II1.6-b). In order to mitigate the occurrence of air

bubbles, the mixture is subjected to preheating until it attains its initial melting point. Before
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applying the final pressure, a degassing process is performed. Once the sheets measuring
130x130%2.4 mm”3 are acquired (Figure III.7), they are adjusted to the necessary
dimensions for the diverse characterization tests. Figure I11.8 illustrates the many stages of

the experimental procedure.

Figure Ill. 6. Photograph of (a) melt extruder and (b) hydraulic press.

To streamline the terminology used for PS-DPF composite formulations, the
numerical value is employed to denote the fiber loading, while the alphabetical character
following the numerical value signifies the specific type of chemical treatment applied (U:
untreated; A: alkaline treatment; B: benzoylation treatment). PS-10% BDPF denotes
polystyrene strengthened with 10% benzoylated date palm fibers. On the other hand, VPS

represents virgin polystyrene.

&

Figure I1l. 7. PS-DPF sheets
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o Treatment with 10%
. Washed and dried | Untreated date [Treatment with 10%|  Alkali fibers benzoyl chloride I_3ezoylated
Reinforcement: ,| palm fibers NaOH (ADPF) fibers (BDPF)
Date palm leaflets Crushed and (UDPF) during 12h during 15mn
wastes sieved l /
Matrix: Extrusion process
Expanded —— (to obtain strips with fibers loading 0%,10%,20%,30%)
polystyrene —
(EPS) 1

Samples manufacturing

(using a hydraulic press)

Morphological and

structural properties
-SEM (for fiber and composites)

Mechanical properties Thermo-physical properties
-Tensile test

-Bulk density (fibers and composites)
-Three point bending test

-Thermal conductivity (fibers and

-XRD (for fiber) (for composites) composites)
-FTIR (for fiber) -Thermal stability (TGA and DTGA for
-MIP (fibers and composites) composites)

Figure III. 8. The experimental procedure's phases.

I11.2.2. Gypsum-Expanded polystyrene-date palm petiole fibers hybrid biocomposite
(G-EPS-DPP)

The process for preparing the test specimens was as follows:

Initially, gypsum plaster powder and date palm petiole fibers (DPP) were prepared with
different mass fractions of fibers (0%, 5%, 10%, and 15%). The mass of DPP was determined

using equation (3).

mppp
mppp+mg

Wppp (%)=

mppp = Wppp(Mppp + mg)

mppp(1 — Wppr) = Wpppmg

w
Mppp = ﬁ 3)
The weight ratios of DPF, gypsum plaster mass, and DPP are denoted

as Wppp, mG, and mppp, respectively.

After thoroughly blending the combination of Gypsum and DPP, we slowly introduced it
into the water. The mixing process follows the manufacturer's recommendation of

(Mwater/mc=0.82). The mixture is gently mixed thoroughly for a duration of 6 minutes.
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When EPS is included in the composition of the samples, the granules of EPS are
incrementally introduced into the mixture using a constant mass ratio of 0.3%. The Expanded

Polystyrene (EPS) mass is calculated by equation (4).

m — Wepsmg
EPS 1-Wgps

Given that the percentage of EPS has been set at 0.3%, it can be observed that:

0.003 mg
0.997

“)

MEgps =
EPS's mass and weight ratio are denoted as mgpg and Wgpg, respectively.

It is essential to acknowledge that the mass content of DPP and EPS is determined based
solely on the mass of the plaster, excluding the mixture. Subsequently, the amalgamation
was carefully transferred into manually crafted molds Figure II1.9-a, wherein the inner
surface was coated with oil to expedite the samples' extraction. In addition, the molds are
subjected to multiple shaking motions in order to prevent the occurrence of air bubbles
within the samples.

The samples were meticulously removed from the molds (Figure I11.9-b) after being left to
dry initially, with the duration varying depending on whether the samples contained or did
not contain fibers. Subsequently, the specimens were allowed to dry for 28 days while
exposed to typical environmental circumstances. The composite formulations are denoted
according to the nomenclature provided in the table. I11.2.

Table I11. 2. Samples codification

Samples DPP EPS (wt%) | Samples code | DPP (wt %) EPS (wt %)
code (wt%)

NG 0 0 G-EPS-15F 15 0.3
G-EPS 0 0.3 G-5F 5 0
G-EPS-SF 5 0.3 G-10F 10 0
G-EPS-10F 10 0.3 G-15F 15 0

The various stages of the experimental procedure are depicted in Figure I11.9.
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Figure I11. 9. Diagram of the experimental procedure.

(b)

ww goe

Figure III. 10. Photograph of (a) handcrafted molds and (b) prepared specimens.
I11.3. Mechanical characterization

II1.3.1. Tensile test

The tensile properties (including tensile strength, tensile modulus, and strain at failure) of
the PS-DPF fabricated composites were evaluated using an INSTRON 5969 traction

machine (Figure III.11-b) with a maximum capacity of S0KN, following the guidelines
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outlined in the ASTM D 3039M standard[168]. The specimens were appropriately processed
and afterward sectioned into rectangular shapes with dimensions of 120x10.7x2.4

mm?(Figure I11.11-a).

The experiment was performed using a standard head movement rate of 2 mm/min in normal

environmental conditions. Five samples were used for the tensile test in each instance.

(b)

specimen
| , | I l extensometer

Figure IIl. 11. Photograph of (a) Traction PS-DPF specimens

(b) INSTRON 5969 traction machine.

II1.3.2. Three-point bending test

The flexural properties of the composites produced were assessed by a three-point bending
test, following the guidelines outlined in ASTM D790-03 [169]. The support span was
established as 60 mm. A total of five samples are gathered, and their respective
measurements are subsequently averaged in order to ascertain the ultimate outcomes.

-For the PS-DPF, the dimensions and apparatus employed in the tensile test were replicated
for this purpose. The strain rate was designated as 0.01 mm/min. The measurements were
conducted at ambient temperature until the sample experienced fracture, at which juncture
they were concluded.

-For gypsum reinforced with DPP, EPS, or both, The specimens have rectangular cross-
sections of 160x160x40 mm?® (Figure I11.12). The support span was predetermined to have
a set length of 60 mm, while the strain rate was measured and found to be 2 mm/min. The
measurements were conducted under ambient temperature conditions of 30°C until the

sample reached the fracture point when the experiments were terminated.
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- load F

Figure Il 12. Three bending tests for reinforced gypsum.
I11.3.3. Compression Test

The compressive testing technique (Figure II1.13 was utilized to test the compressive
strength, using a cross-head speed of 1 mm/min. The evaluation of compressive strength
involved the application of force to cube-shaped samples measuring 40x40x40 mm3. These
samples were derived from the broken sections of the original specimen used for the flexural

strength test.

Figure Ill. 13. Compression test.
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I11.4. Morphological and microstructural characterization

II1.4.1. Fourier transform infrared (FTIR) spectroscopy

The chemical bonds present in raw (UDPF, DPP), processed date palm fibers (ADPF and
BDPF), NG, and EPS were evaluated using an Agilent Cary 630 FTIR Spectrometer (Figure
I11.14) equipped with an attenuated total reflection (ATR) sampling approach. This analysis
involved the examination of FTIR spectra. The infrared spectra were acquired at a scanning
rate of 140 scans per minute in transmission mode, covering the 4000-450 cm-1 range with

a precision of 4 cm™.

Figure Ill. 14. Agilent Cary 630 FTIR Spectrometer.

1I1.4.2. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) is a non-invasive analytical method used to analyze crystalline
materials, facilitating the identification and analysis of the structural properties of distinct

crystalline phases within a mixture, whether in the form of powders or slides.

The X-ray diffraction (XRD) analysis of untreated date palm leaflets fibers (UDPF), alkaline
date palm leaflets fibers (ADPF), benzolayted date palm leaflets fibers (BDPF), gypsum
plasters, date palm petiole fibers, and polystyrene was performed using a Bruker D8 X-ray
diffractometer (Figure III.15). The analysis employed copper Ko radiation with a
wavelength of A = 0.154 nm, produced using an electrical potential of 40 kilovolts and a

current of 40 milliamperes. The investigation scope ranged from 0 to 80 degrees (26).

The calculation of the degree of crystallinity (Xcryst) for each sample involved dividing the
area under the crystalline peaks (Acryst) by the total area under the complete diffraction curve

(Acryst + Aamorph), as outlined by [170] in equation (5).
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Keryst = _foyst x 100 (5)

Acryst"'Aamorph
The crystallinity index (Ic) for both untreated and treated DPFs was determined using

equations.

Ic = (1002-Iam)/1002 (6)
The counter reading at peak intensity at 22° corresponds to crystalline material, denoted as
1(002), while the counter reading near 18° represents amorphous material in cellulosic

fibers, designated as I(am) [138,171].

Figure Il1l. 15. Bruker D8 X-ray diffractometer.

I11.4.3. Scanning Electron Microscope (SEM) analysis

To examine the microstructure and morphological characteristics of date palm fibers and
composite samples, a Thermo Scientific Prisma E Scanning Electron Microscope (SEM)

(Figure I11.16) was utilized, operating at an accelerating voltage of 10 kV.

Figure Ill. 16. Thermo Scientific Prisma E Scanning Electron Microscope (SEM).
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The fundamental advantage of this scanning electron microscope (SEM) is its capability to
do imaging and analysis of nonconductive and/or hydrated specimens without charging. The
gadget has an energy-dispersive X-ray spectroscopy (EDS) microanalysis system. The
examination samples were affixed onto aluminum stubs and afterward subjected to scanning

at different levels of magnification.

I11.4.4. Porosity parameters measurement

The technique used, known as Mercury Intrusion Porosimetry (MIP), is utilized to measure
pore size, volume, and distribution of PS-DPF composite and fibers (UDPF, ADPF, BDPF),
employing the penetration of a non-wetting liquid. The technique above holds great
importance in the characterization of porous materials (Figure II1.17), as it allows for
determining pore sizes within a range of about 3 nm (subject to the specific contact angle
between mercury and the solid surface) to approximately 1000 pm. The mercury intrusion
technique enables the determination of pore sizes that exceed 500 nm, surpassing the range
achievable using gas physisorption.

The operational principle of mercury intrusion porosimetry (MIP) involves the introduction
of mercury into a sample under high pressure, causing the mercury to infiltrate the pores of
the sample. Specifically, the pressure was increased from 6.89x10” Pa in the low-pressure
port to 4.13x107 Pa in the high-pressure chamber. Further technical details regarding this
procedure can be found in the study conducted by Guise et al. (2017)[172].

through pore

network \l
P

closed blind
pore pores

Figure IIl. 17. A schematic depiction of a porous solid.
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The MIP measurements were performed using a Micromeritics AutoPore IV 9500 Series
porosimeter (Figure I11.18) and in compliance with the standards published in ASTM D4404
[173]. The data is acquired in the format of a pressure-volume graph. The provided data is
utilized to compute pore size by applying the Washburn equation (7), assuming that all pores

possess a cylindrical morphology [174].

d= -4ycos6/P (7)
Where

d = diameter of the intruding pore,

y= mercury's surface tension,

@ = contact angle between mercury and the pore wall
And P = pressure exerted.

The measurement of coating porosity by MIP involves three distinct phases.
Initial phase

Before the actual analysis of the sample is conducted, a baseline analysis must be performed.
Blank is performed to eliminate mercury volume decrease values not due to sample pore
intrusion. This includes the mercury entering the pores of the glass dilatometer as well as the
effect of mercury's compressibility under high pressure, which would otherwise be
interpreted as volume entering pores. Blank executes every phase of the actual sample
analysis. The only difference between blank and sample is that blank contains no example.
Once the blank measurement has been obtained, it is routinely subtracted from the sample

reading.
Second phase

Second, analyze the alumina tile. Alumina's blank reading is gone. Appendix 8(a) shows
instrument-extracted alumina results. Subtracting the alumina result from the sample results

is laborious.
Phase 3

Both blank and alumina are only run once. In stage 3, all samples are analyzed. The sample

result is presented in the results and discussions section.
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Figure Ill. 18. (a) The Micromeritics AutoPore IV 9500 series; (b) penetrometer closure

IIL.5. Thermo-physical characterizations
II1.5.1. Bulk Density Test

The bulk density of the fibers and composite (UDPF, ADPF, BDPF, and PS-DPF) was
determined using the mercury intrusion Pore Measurement method (MIP) as will describe
in section (3.4.4).

For gypsum plaster composites, The determination of Bulk density was performed by
measuring the mass (mc) and volume (vc) of the hybrid composite samples generated, as

outlined by Ouakarrouch et al. [143] in equation (8).
= (8)
The sample weight was determined using the Kern analytical balance ALS-A / ALJ-A,

which can measure up to four significant digits (Figure I11.19).

Figure IIl. 19. The Kern analytical balance ALS-A / ALJ-A
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Furthermore, the sample volume was determined using a caliper with a precision of two
significant figures. The experiment was conducted on two samples, and the mean results

were calculated.

I11.5.2. Volumetric thermal capacity and thermal conductivity

The thermal conductivity (A) and volumetric thermal capacity (pc) of Fibers and composite
samples were assessed using a CT meter, as depicted in Figure I11.20 . The measurement
methodology utilized in this investigation is based on the hot wire method. The estimation
presented in this study is based on the examination of temperature changes that were

obtained through the use of a thermocouple positioned close to a resistive wire.

The fibers are put in two parallelepiped boxes 120x80x10mm3 Figure I11.20-(c), and the
ring probe is set in the middle. For the composite, the probe is placed in the interstitial space
between two parallelepiped samples, with dimensions of 200x100x5 mm?® for gypsum
plaster composite and 130x65%2.4 mm? for polystyrene composite samples, as depicted in

Figure I11.20-(a) and (d) respectively.

The ambient temperature was 18- 24°C, while the relative humidity was around 65.2%. The
measurements are duplicated in two separate instances on opposing sides of the specimen to

evaluate the likelihood of measurement inaccuracies.

Figure III. 20. Photograph of conductivity test for (a) Gypsum composite, (b) ring probe,
(c) Fibers, and (d) Polystyrene composite .
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I11.5.3. Thermal diffusivity

Thermal diffusivity is a fundamental property that warrants examination as it provides a
quantitative measure of the rate at which heat is transferred inside a material, namely from
regions of greater temperature to areas of lower temperature. The determination of thermal
diffusivity (a) can be achieved by employing equation (9), as indicated by Abu-Jdayil et al.
(2021) [1].

a=2 )

The thermal diffusivity (o) is in (m”2/s), while the thermal conductivity (X) is in [W/m.k

].The volumetric thermal capacity, in J/m3.k

With: (o) thermal diffusivity measuring in [m?/s]; (p.) volumetric thermal capacity in

[J/m? k].(}) is the thermal conductivity [W/m.k ]

II1.6. CT METRE description

I11.6.1. Purpose and measurement method

The CT METRE (Figure II1.20 -a) is a portable device that has been designed to facilitate

the accurate assessment of thermal properties in various materials, including:

- Brick, rocks, and earth.

- Cellular concrete.

- Bitumen.

- Powdered substances.

- Liquids.

- Resins or complex products.

The operational principle involves integrating a heating element and a temperature sensor
within a single probe. This configuration allows for the measurement of the temperature
increase experienced by the sensor during a user-selected heating period. The duration of the
heating period is determined based on the specific material being tested and the type of probe

employed.

II1.6.2. Constitution

The CT METRE is comprised of two distinct components:
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-The control unit generates the heating power and interprets the temperature rise curve

induced by the tested material.

-The sensor is responsible for transmitting the heating power and gathering the resulting

temperature.

II1.6.3. Presentation

I11.6.3.1. The control module

Included in the portable case are the following:

The front panel consists of data input and result readout elements (keypad, display screen,

encoder for configuration preselection) and probe connection connector.

-The rear panel contains the wall outlet, the power supply, and the RS232C serial connector.

- Inside, a microprocessor-based electronic system manages the internal control orders.
The control unit's mechanical and electrical traits are presented in Table III1.3

Table I11. 3. Control unit's specification.

control unit's specification Value

Weight 8kg

dimension 400 x 145 x 260
power supply 230V/50-60Hz
Intrastat number 90278017

I11.6.3.2 The probe

Currently, two types of probes are available:
- A ring-shaped probe
A flexible printed circuit board (thickness 0.2 mm - dimensions 60x90 mm) is intended to
be inserted between two previously ground flat pieces of the sample to be measured (Figure
II1.21). Type 30. R: diameter of heating element = 30 mm

Type 15. R: diameter of heating element = 15 mm.
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Figure Ill. 21. A ring-shaped probe.

- The single-rod probe or wire probe
Flexible printed circuit board (0.2 mm thick) made to fit between two flat pieces of the

sample to be measured, whose surfaces ha ve already been ground. Standard type: 160 x 45
mm. The size for type FIL 50/A is 95 x 40 mm.
I11.6.4. Running principle

By turning a key, the user can choose between two functioning modes.

I11.6.4.1 Configuration programming

The process involves selecting a configuration number from a set of 10 options.

Figure I1l. 22. The single-rod probe or wire probe.

Subsequently, a specific number of parameters are assigned to this number chosen using an

encoder situated on the front panel of the CT METRE.

- Thermal power,

- Radius or length of the heating element,
- Duration of heating,

- Duration of measurement, etc.

The system will consider these factors when executing this configuration. The parameters
are inputted through a 16-key keypad, accompanied by a screen control that consists of two
lines, each capable of displaying up to 20 characters. After a configuration is programmed,

it can be permanently saved or rewritten.
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111.6.4.2. Execution of a configuration

The operator initiates the measurement by pushing the MEASURE button after appropriately
positioning the probe. Subsequently, the cycle operates autonomously, and upon completion
of the predetermined measurement duration, the display exhibits the anticipated outcomes,

presented in Table I11.4.

Table I1I. 4. The displayed expected results.

The ring probe Wire (or single-rod) probe
Thermal conductivity is measured in W/m.K Conductivity W/m.K
Specific heat is measured in kJ/m3 K. Correlation coefficient
Starting temperature °C. /

The maximum change in temperature °C. /

Adjustment coefficient (%). /

111.6.4.3 Measurement options in detail
v Control parameter features
. Power output

For ring probes (average resistance 2.5Q), from 0 to 2.5W (0 to 1A in 32.25mA steps).
For wire probes, (10Q average resistance) from 0 to IW (0 to 1A in 32.25mA steps).

. Temperature measurement from -20 to +80°C with 0.025°C resolution.

. Measurement and warm-up time, 1 to 500 seconds in multiples of a second (wire (or

single-rod) probes have the same time).
v Features of measurement results

Table II1.5 presents the features of measurement results

. The adjustment coefficient (for ring probes) is used to check the validity of the test.

It can vary from 2% to zero, with the optimum value of zero.

. Correlation coefficient (for wire probes) Used to check the validity of the test; it can

vary from 0.98 to 1, the optimum value being 1.
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Table I11. 5. Features of the measured parameters.

MATERIALS AND METHODS

Features Thermal conductivity Specific heat kj/m3K
Range 0.02 to SW/m.K /

Accuracy +5% +5%
Reproducibility +2% + 2%

I11.6.5. Functioning
I11.6.5.1. Access to programming mode

To access programming, write, or read mode, simply by turning the key to

PROGRAMMING:

- I.e., before the unit is switched on,

- Or, at any time during the run, we can press the "C" (Clear) key.
The device will then display a menu prompting you to:

- To the configuration reading =>  button “A”

- To write configuration = button “B”

In read mode, the ENTR key scrolls through the parameters. In write mode, it validates the

parameter entered.

At the end of reading or writing, we can either return to programming mode (A or B) or
switch to execution mode. Select the desired configuration first, turn the key to the

EXECUTION position, and press ENTER.
NOTE:

In programming mode, we can only exit at the end of the cycle, unlike execution mode,

which can be interrupted at any time by pressing the "C" key.

I11.6.5.2. Sensor programming parameters

Parameters are validated by pressing ENTER.
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a) Ring probe
Sensor type 1

Radius

The heating element radius value will be entered in meters (up to 4 digits after the decimal

point). The diameter is engraved on the probe (in mm).

- Type 15.R: diameter 15mm means radius 7.5mm = 0.0075 m.
- Type 30.R: width 30mm means radius 15mm = 0.015 m.
Electrical Resistance

The user is required to input the value of the resistance of the heating element in Ohms, with

a maximum of three decimal places.
The probes are supplied with a precise indication of their resistance in Ohms.
Power

Enter the power to be injected into the heating element in Watts (up to 2 digits after the

decimal point).

The power value to be set depends on the resistance value of the probe's heating element (in

Ohms) and on the value towards which the thermal conductivity measurement will tend.
The following table can be used (Table I11.6).

Table III. 6. Power values depend on the ring probe's measured thermal conductivity

range.
Heating element thermal conductivity Power settings
resistance of the material to be
2.5Q 0.05 t0 0.2 W/m.K 0.1t00.2 W
2.5Q 0.2t0 0.5 Wm.K 02t004 W
2.5Q 0.5to 1 W/m.K 04t00.8W

Power settings can be validated as follows:

When measuring with the CT-METRE, the maximum temperature variation displayed

during the test must be between 1 and 2°C.

v If temperature variation is < 1°C: increase heating power.
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v If temperature variation is > 2°C: reduce heating power.

Caution: measurement causes heating of the material to be measured. The material must cool

down between 2 measurements.
Heating time

The user is required to input an integer value representing a duration in seconds, with a

maximum limit of 500 seconds.

When there is little availability of exact data regarding the material to be evaluated, it is
common practice to establish a heating time range of 20 to 40 seconds, effectively

encompassing 95% of typical applications.
Time Measurement

The user is required to input an integer value in seconds, with a maximum limit of 500

seconds.

In the absence of very accurate data regarding the material under measurement, the

designated measurement period is established as 180 seconds.

However, the measurement time can be refined when the material is characterized. When
the CT-METRE performs a measurement, it displays the temperature variation during the
measurement. The minimum measurement time to be set is to reach the maximum

temperature plus 20 seconds.
The scanning step
-Integer value to be entered in seconds (max. 500s).

-The scanning phase is set to 1 second in case of the absence of exact data on the material to

be measured.
Max. Permissible temperature variation
Enter integer value in °C (max. 80°C).

Given the lack of accurate information regarding the material under consideration, it is

deemed appropriate to establish a maximum allowable temperature deviation of 5°C.

The purpose of this value is to protect the probes against destructive heating. If the

temperature rise during the test exceeds the setpoint, heating and measurement stop.
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b) Wire probe
Sensor type 2

Length

The heating element length value will be entered in meters (up to 4 digits after the decimal

point).

Length of type Sdt: 0.05m
Length of type FIL 50/A: 0.05m
Resistance

The heating element resistance value is to be entered in Ohms (up to 3 digits after the decimal

point).
The probes are supplied with a precise indication of their resistance in Ohms.
Power

Enter the power to be injected into the heating element in Watts (up to 2 digits after the

decimal point).

The power value to be set depends on the length of the heating element (in meters), the
resistance value of the probe's heating element (in Ohms), and the value towards which the

thermal conductivity measurement will tend.

As a general rule, the following table can be used (Table II1.7) Power settings can be

validated as follows:

Table III. 7. Power values depend on the wire probe's measured thermal conductivity range.

Element Average element | thermal conductivity of the | Power settings

length heating | resistance heating | material to be measured

0,05m 10Q 0.05t0 0.2 W/m.K 0.1t00.2 W
0,05m 10Q 0.2t0 0.5 Wm.K 02t004 W
0,05m 10Q 0.5to 1 Wm.K 0.4t00.8W

When measuring with the CT-METRE, the maximum temperature variation displayed

during the test should be between 10 and 15°C.
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v If temperature variation is < 10°C: increase heating power.

v If temperature variation is > 15°C: reduce heating power.

Caution: measurement causes heating of the material to be measured. The material must

cool down between 2 measurements.
Measurement/heating time
Integer value to be entered in seconds (max. 500s).

In the absence of exact data on the material to be measured, the measurement/heating time

is set between 120 and 240 seconds (covers 95% of applications).
The scanning step
Integer value to be entered in seconds (max. 500s).

Given the lack of highly accurate information about the substance under consideration, the

scanning interval has been established at 1 second.
Max. Permissible temperature variation
Enter integer value in °C (max. 80°C).

Given the lack of specific information regarding the material under consideration, it is

deemed appropriate to establish a maximum allowable temperature fluctuation of 25°C.

The purpose of this value is to protect the probes against destructive heating. If the

temperature rise during the test exceeds the setpoint, heating and measurement stop.

II1.6.5.3 Access to "run'" mode

a)- To access execution mode, position the key on EXECUTION
- I.e., before the unit is switched on,
- Or, at the end of the programming cycle, before pressing ENTER.

The display shows the configuration number selected on the encoder if the selected

configuration is valid.

Otherwise:
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If no program has been saved in the selected position, the device beeps and displays "Invalid

configuration."

If the saved configuration contains out-of-limit parameters, the device emits a burst of

"beeps."

Pressing the "C" key after changing a configuration or switching the key to programming

enables you to execute another configuration or to read or write a configuration.

b)- Once the selected configuration has been validated, the device displays the type of probe
to be connected via the connector on the front panel and the power to be sent to the probe's

heating resistor.

NB: This power may differ slightly from that written in the configuration due to the
resolution of the power unit (1 step = 32.25mA).

The user is then offered three options:

v Permanent temperature display = press "A".

To return to the menu, press "C".

v Start measurement without waiting for the temperature to stabilize at sample level
= press "D"

Then press the MEASURE button.

v Start an automatic measurement process, including a temperature stability

verification sequence,

= press the MEASURE button. The unit then starts test sequences, measuring the
temperature every 6 seconds for 60 seconds. If there is no change in temperature during these

60 seconds (approx.), the heating cycle starts (the heating indicator lights up).

Otherwise, a "beep" sounds when two temperature values differ, and a new cycle of 10 beeps

starts again.

Two faulty cycles generate a burst of "beeps" and a message on the display, after which a

new cycle of waiting for stability starts automatically.
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I11.6.6. CT-METRE Parameters used for our work

For the two elaborated composite materials, and after many times to validate the thermal

test, we identify the CT- METRE's parameters as presented in Table I11.8

Table III. 8. CT-METRE Parameters used for our work.

Parameters selection Polystyrene composites Gypsum composite
Probe Wire probe Ring probe (Type 30.R)
Resistance 10 Q 25Q
Power 0.18 W 02W
Heating time 240 S 120 S
Measurement/heating time 240's 180 S
scanning step 1S 1S
Max. Permissible temperature 2°C 15°C
variation

Conclusion

This chapter details the materials and methods used in our study. We employed
expandable polystyrene (EPS) as the matrix, date palm fibres for reinforcement, and gypsum
plaster as a binder. The composites were prepared using specific procedures, including melt
extrusion and compression moulding. Mechanical characterization was performed through
tensile, bending, and compression tests, while morphological and microstructural analyses
were conducted using FTIR spectroscopy, XRD analysis, SEM imaging, and porosity
measurements. Thermo-physical properties such as bulk density, thermal conductivity, and
thermal diffusivity were also determined. These methodologies lay the foundation for our

subsequent discussions on the properties and performance of the developed composites.

Page 98



CHAPTER IV: RESULTS AND
DISCUSSION



CHAPTER IV RESULTS AND DISCUSSION

Introduction

This chapter presents and discusses the key findings of this research, integrating the
results with existing literature to highlight their significance. The objectives are to present
the quantitative and qualitative data, analyze the results in the context of the research
questions, and discuss their implications. The chapter is structured into two parts: the first
deals with the PS-DPF composite materials, and the second deals with G-EPS and /or DPP.

This is followed by a comparative discussion linking the findings to the broader literature.

IV.1. FIRST WORK PS-DPF MATERIAL COMPOSITE

IV.1.1. FTIR Results

Figure IV. 1 displays the Fourier Transform Infrared (FTIR) spectra of the untreated fibers,
alkaline-treated fibers, and fibers subjected to benzoylation. No substantial alterations were
observed in any samples, whether untreated or treated. The presence of peaks at
approximately 3310 cm™ suggests the occurrence of intense and wide-ranging O-H
stretching, as reported in reference [175]. It is observed that the untreated fibers exhibit a
little higher peak intensity compared to the treated fibers. The cited source provides evidence
supporting the assertion that applying chemical treatment reduces the number of OH bonds.
The presence of stretched solid peaks in the vicinity of 2915 and 2841 cm™! suggests the
potential involvement of the alkane (C-H) functional group [157]. The presence of a peak at
around 1739 cm™! in the spectra of the unprocessed fiber can be ascribed to the presence of
the carbonyl functional group (C=0). The band exhibits complete disappearance when

subjected to alkaline and benzoylated fibers. The observed disappearance can be attributed

to the elimination of hemicelluloses using various treatment methods[155] and [176]. The
band observed at 1640 cm™ can be attributed to water absorption by the untreated palm fiber,

which can be attributed to its notable hydrophilic nature [176].

The beak exhibited a significant reduction in size following the application of benzoylation
therapy. The observed peak at 1082 cm™ is ascribed to the presence of the C-O bond
originating from lignin, cellulose, and hemicelluloses, as reported by reference [155]. An
anomaly arises in the form of a discernible peak observed at a wavenumber of 712 cm™! for
the BDPF, suggesting aromatic moieties exist. The findings of previous investigations on
DPF, as indicated by references [177] and [138], are consistent with the data presented in
this study.
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Figure IV. 1. The treated (ADPF/BDPF) and untreated (UDPF) fibers' FTIR spectra

IV.1.2. X-ray diffraction (XRD) results

Figure IV.2 displays the X-ray diffraction patterns of both untreated and treated fiber. The
reflection at a high angle (about 20 = 22°) had a distinct and strong peak, whereas the
reflection at a low angle (approximately 26 = 18°) displayed a broader and less dramatic
profile. These two peaks are commonly observed in most vegetable fibers. All three samples
exhibited an additional signal at approximately 20 = 34°, thereby verifying the presence of
native cellulose I within the fibers [141]. Table IV.1 presents the peaks, crystallinity index
(Ic), and crystallinity percentage (Cr %) associated with the given data. As per the equation
5, the Cr% values for UDPF, ADPF, and BDPF are determined to be 68.42%, 70.06%, and
67.98% correspondingly. In comparison to raw and benzoylation fibers, mercerization has

been found to enhance crystallinity, as indicated by comparable findings in previous studies.

Applying an alkaline treatment effectively eliminates the amorphous component on the
surfaces of the fibers, thereby liberating the cellulose and facilitating the enhancement of
crystallinity. The process of benzoylation involves introducing a benzoyl group into the
cellulose substrate. This process leads to a decrease in unbound cellulose and a reduction in
crystallinity. The values for the crystallinity index (Ic) and crystallinity percentage (Cr %)
are comparable to those reported in previous studies by Hachaich et al. [178], M. Kethiri et
al. [179], and T. Djoudi et al. [141]. The authors provide an account of the variability in
values based on factors such as geographical location, palm tree species, and specific parts

of the palm trees.
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Figure V. 2. X-ray diffractogram of untreated (UDPF) and treated (ADPF/BDPF) fibers.

Table 1V. 1. Values of corresponding samples and the measured crystallinity parameters.

Fiber Lam (cts) ooz (cts) Cr (%) Ic

UDPF 465,93 1009,65 68,42 0,54
ADPF 539,81 1261,88 70,06 0,57
BDPF 461,32 979,43 67,98 0,53

IV.1.3. SEM results

IV.1.3.1 DPF Morphology

In order to assess the microstructure of the sample, an analysis was conducted using scanning
electron microscopy on leaflets derived from date palm fibers of the Deglet Noor variety.
The findings indicate that the UDPF, ADPF, and BDPF exhibit a lack of consistent shape
and non-uniform dimensions (Figure IV.3). The SEM micrographs demonstrate that the
surface of untreated fibers exhibits a notable presence of waxes, oils, and other impurities
(Figure IV. 3-a). These impurities are predominantly attributed to the Saharan origin of this
particular variety of palm. The findings above were documented by researchers Oushabi et
al. [21] and Khakpour et al.[154]. In contrast, scanning electron microscopy (SEM)

micrographs reveal a discernible enhancement in the surface's topographical characteristics
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after the soda treatment application. The indicated augmentation can be observed in Figure
I'V. 3-b solubilization of various impurities from the fiber's surface, as evidenced by the SEM
micrographs. Furthermore, it is widely recognized that sodium hydroxide (NaOH) undergoes
a chemical reaction with the hydroxyl groups present in the cementing components of
hemicellulose and lignin during mercerization. This reaction disrupts the cellular structure
and subsequent separation of the fibers into individual filaments. The occurrence described
1s commonly referred to as fibrillation (Figure IV.4 -d). The morphological changes resulting
from the alkali treatment on the fiber surface are consistent with the findings reported in the

literature [180-182].

In contrast to the untreated and alkaline-treated DPF, the benzoylation-treated DPF exhibits
a surface characterized by roughness and pockmarks [183], as depicted in Figure I'V. 3-c.
Additionally, the benzoylation treatment is observed to reduce the size of the DPF, as one
would anticipate. The exclusion of alkali-soluble components, such as the waxy layer and
lignin, is performed [184]. Introducing the benzoyl group onto the fibers enhances their
reactivity through benzoylation. Additionally, it forms chemical connections with active

areas on the polystyrene matrix characterized by benzene rings.
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Figure IV. 3. UDPF, ADPF, and BDPF fiber SEM micrographs.
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IV.1.3.2. Composite Morphology

Figure IV 4 illustrates the morphological characteristics of PS-DPP composites with varying
filler loadings (0%, 10%, and 30%) of untreated and treated date palm fibers. Onifade et al.
(2020) [185] reported that an examination of virgin polystyrene VPS (Figure IV. 4-a)
demonstrated a surface that seemed smooth, with the presence of undissolved polystyrene
beads. This observation suggests that insufficient melting may have occurred during the
process. Including these microparticles within the polystyrene matrix does not induce any
chemical changes in the polystyrene matrix and, consequently, does not significantly impact

the resulting composite derived from the specimen.

Following the integration of fibers into the polymer, the data illustrates a stochastic
arrangement of fibers inside the matrix across all specimens. The PS-UDPF composite
exhibits a noticeable level of separation between the filler particle and the polymer, creating
small voids or gaps within the polystyrene-DPP matrix (Figure IV.4-b). This detachment is
attributed to the hydroxyl groups (—OH) found in natural fillers, which absorb moisture and
weaken the interfacial bonding between the hydrophilic fibers and the hydrophobic polymer.
Furthermore, the occurrence of hydrogen bonds among the particles of natural fillers results
in the agglomeration of particles (Figure IV.4-c). The increased filler loading substantiates
this phenomenon from 10% to 30%. According to a previous study [19], it was observed that
the pure polystyrene beads included some gases, resulting in the formation of gas voids
within the fabricated samples. This process facilitates the aggregation of fibers within these
intriguing spaces, resulting in their subsequent filling. The elements above collectively
contribute to the initiation of cracks originating from the introduced particles, hence
substantiating the role of these particles as stress concentration sites. Several researchers
have made the observations above: Hittini et al., 2021 [7]; Poletto & Zattera [8]; Masri et
al., 2018 [2]; and Singha & Rana [132].

In contrast, Figure IV.4-¢ shows that ADPF improves polystyrene matrix adherence relative
to untreated fibers. The treatment eliminated contaminants from the DPP surface, improving
PS-ADPF adhesion, according to Adeniyi et al. [185]. The mechanical characteristics
analysis shows a preference for composite material in mechanical strength. Figure IV.4 -d

shows PS-10%BDPF fractured surfaces by scanning electron microscopy.
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Figure IV. 4. Composite sample SEM micrographs: (a) VPS (b) PS-10%UDPF (c) PS-
30%UDPF (d) PS-10%BDPF (e) PS-10%ADPF.

The observations above apply to the samples of benzoylated fiber reinforced with
polystyrene and the composite materials manufactured using ADPF. Following the process
of benzoylation, there is an observed enhancement in the adhesion properties between the

benzoyl diphenyl phosphine oxide (BDPF) and polystyrene (PS) [184].
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IV.1.4. Tensile proprieties
IV.1.4.1. Tensile strengths

Figure IV.5 illustrates the relationship between the matrix's proportion of untreated and
treated fibers and the resulting variance in tensile strength. The tensile strength of virgin
polystyrene is measured to be 16,466 MPa. Except for PS-20%UDPF and PS-30%UDPF,
the incorporation of fibers leads to an enhancement in the tensile strength compared to VPS.
The observed enhancement in tensile strength due to the inclusion of fillers can be attributed
to the higher tensile strength exhibited by fibers compared to polystyrene, as reported in

previous studies Zafar et al. [133].

Regarding the influence of the weight fraction of fibers on tensile strength, it has been
observed that as the weight % of both untreated and treated fibers increases across all
specimens, there is a corresponding decrease in the tensile strength. This phenomenon may
be attributed to the formation of filler aggregates resulting from robust hydrogen bonds
among them. This phenomenon may give rise to incomplete coverage of the filler by the
polystyrene, producing empty spaces inside the composite material. Consequently, these
voids can cause stress concentration and contribute to the brittleness of the composite
material. The results presented in this study align with previous research conducted by other
scholars, as evidenced by the works cited Abu-Jdayil, Hittini, & Mourad [131], Nachtigall
et al. [186], Demir, et al. [187], Hammiche et al. [188] and Sapuan & Bachtiar[189].
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Figure IV. 5. The composite's tensile strengths.
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The tensile strength of composite materials containing 10%, 20%, and 30% ADPF was found
to be significantly higher than that of PS-UDPF composite materials, with increases of
43.71%, 54.10%, and 41.25% seen in comparison to PS-10% UDPF, PS-20% UDPF, and
PS-30% UDPF, respectively. The observed enhancement is attributed to soda treatment,
which increases the compatibility between hydrophilic fibers and hydrophobic polystyrene.
This is achieved by eliminating wholly or partially hydrogen groups and lowering the fibers'
interaction. Consequently, the bonding between the fibers and polymers is improved[158],
[151]. The results of this study are consistent with previous research conducted by authors

Boussehel et al. [157], Oushabi et al.[21], Khakpour et al. [154] and Krishnan et al.[190]

Using benzoyl chloride (C6HS5COCL) leads to a marginal reduction in tensile strength
compared to composites fabricated using fibers treated with soda. The therapeutic
application of benzoyl chloride mainly relies on its treatment with sodium hydroxide [183].
The authors suggest that the formation of phenyl groups on the fiber surface resulted in the
re-establishment of inter-fiber connections, which proved to be more influential than the
interactions between the fibers and the phenyl groups contained in the polystyrene, leading
to the formation of aggregates inside the matrix. Nevertheless, it remains more advantageous
compared to products made from untreated fibers, exhibiting enhancements of 34.76%,
55.40%, and 9.47% for PS-10% BDPF, PS-20% BDPF, and PS-30% BDPF samples,
respectively, in contrast to PS-10% UDPF, PS-20% UDPF, and PS-30% UDPF samples.

IV.1.4.2. Tensile modulus

Figure I'V.6. illustrates the progression of the tensile modulus for several composite material
formulations. It is observed that the VPS formulation exhibits an estimated tensile modulus
of 3,581 GPa. On the other hand, the tensile modulus demonstrates an increase when
incorporating either treated or untreated fibers. Compared to the VPS, the PS-10%UDPF,
PS-20%UDPF, and PS-30%UDPF demonstrate enhancements of 7.12%, 24.89%, and
62.67% correspondingly. Additionally, it was noted that the tensile modulus exhibits a rise
with an increase in the proportion of fibers. The PS-20% ADPF sample exhibits a 7.70%
improvement, whereas the PS-30%ADPF sample shows a 27.62% improvement compared
to the PS-10% ADPF sample. The observed enhancement in performance could be attributed
to the increased rigidity of the fibers in comparison to the polymer, as shown by previous

studies [191,192]. Chaari et al. [6] reported comparable findings.
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Figure IV. 6. The composite's tensile modulus.

The tensile modulus of PS-10% ADPF is higher than that of PS-10% UDPF. Additionally,
the tensile modulus of PS-20% ADPF and PS-30% ADPF is lower than that of PS-20%
UDPF and PS-30% UDPF, respectively. The potential cause of this phenomenon may be
attributed to an increased concentration of the solution or an excessive amount of
delignification, as shown by references [151,193]. The removal of impure materials is
contingent upon the chemical concentration and duration of soaking, factors that have been
found to impact the tensile modulus [194]. Siakeng et al. (2018) [193] discovered similar
adverse impacts on the tensile modulus of coir fibers reinforced with polylactic acid

following NaOH treatments, as described in their study.

The tensile modulus of PS-10% BDPF and PS-20% BDPF exhibits a somewhat higher
significance level than that of PS-10% ADPF and PS-20% ADPF, respectively. The
observed phenomenon can be ascribed to the heightened adhesion between the BDPF and

PS matrix, which augments fiber-matrix interactions. An identical observation was made by

Manikandan Nair et al.[195].

IV.1.4.3. Strain at break

Figure IV.7 illustrates the relationship between the strain at composites' failure and the date

palm fiber rate.
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Figure IV. 7. The composite's strain at break.

Initially, it is observed that the strain at the point of fracture exhibits a slight increase across
all composite formulations upon the addition of 10% DPF, as compared to the use of VPS.
When the percentage of filler content is increased from 20% to 30%, there is a decrease in
the elongation at break. The decrease in strength can be attributed in part to the hydrophilic
properties of the fibers, which result in increased moisture absorption and subsequent
swelling of the PS matrix, leading to material weakening [157]. Additionally, fibers hinder
the mobility and slippage of polymer molecules [196].

The strain at break results of the PS-ADPF and PS-BDPF composites show a slight variation
compared to the PS-UDPF composites, with an estimated increase of 27.14%, 57.99%, and
32.17% for PS-10% ADPF, PS-20% ADPF, and PS-30% ADPF, respectively, in comparison
to PS-10% UDPF, PS-20% UDPF, and PS-30% UDPF. The improved performance might
be attributed to the uniform distribution of fibers, which provides the material with a certain

degree of flexibility [197].

IV.1.5. Three bending proprieties
IV.1.5.1. Flexural strengths

Figure IV.8 illustrates the variation in flexural strengths of the manufactured composites in
relation to the ratio of treated to untreated fibers. Except for formulas PS-10%ADPF and PS-
10%BDPF, it has been observed that the flexural strength of the composite material
decreases compared to VPS which has a flexural strength of 42,529 MPa after incorporating
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both raw and treated DPF. Compared to VPS, the PS-10 %ADPF, PS-20 %ADPF, and PS-
30 %ADPF demonstrated reductions of 20.48 %, 9.61 %, and 22.29 %, respectively. The
loss in performance can be attributed to the filler's lack of compatibility with the matrix

material and the brittleness observed in both PS and DPF [7].

Moreover, it is widely acknowledged that the augmentation of cellulose fiber content in
composites reduces their flexural strength. When comparing the PS-20%ADPF and PS-
30%ADPF to the PS-10%ADPF, a decrease of 10.15% and 15.64% is seen, respectively.

The decrease seen can be attributed to insufficient dispersion of fibers inside the matrix, as
stated by Poletto and al. [8]. Cellulose fibers tend to form agglomerates due to inter-fiber
solid hydrogen bonding. Furthermore, the individual fibers' dispersion was limited when the
filler concentration increased. Another factor that contributed to the diminished flexural

strength was the insufficient bonding between the hydrophilic filler and hydrophobic matrix.

Regarding the impact of DPF treatment on flexural strengths, it is apparent that PS
composites reinforced with ADPF exhibit higher flexural strengths than those reinforced
with UDPF. Specifically, there are observed improvements of 29.44%, 2.06%, and 11.7%
for PS-10% ADPF, PS-20% ADPF, and PS-30% ADPF, respectively, when compared to
PS-10%UDPF, PS-20%UDPF, and PS-30%UDPF. Based on the researchers' findings, it has
been observed that the alkalinization of fillers leads to an enhancement in the interlocking
mechanism between the fiber and the matrix. This improvement is attributed to the enhanced
wettability of the materials involved. Furthermore, applying NaOH treatment has been found
to effectively eliminate impurities and lignocellulosic substances from the surface of the
DPF. Consequently, this treatment facilitates stronger adhesion between the PS and the DPF,
thereby positively influencing the mechanical strength of the composite material. The SEM

micrograph analysis has supported these observations.

Furthermore, it is worth noting that PS-BDPF composites exhibit comparable results to PS-
ADPF composites, albeit with a slight decrease in flexural strength. Nevertheless, PS-BDPF
composites remain superior to PS-UDPF composites due to the prior treatment of BDPF
with NaOH. The dual approach to treatment has the potential to cause excessive removal of

lignin from natural fibers, leading to a fiber that is either weakened or impaired [198].
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Figure IV. 8. The composite's Flexural strengths.
IV.1.5.2. Flexural modulus

According to the data presented in Figure I'V.9, the flexural modulus of VPS is measured to
be 2.897 GPa. It is observed that the flexural modulus experiences an increase following the
integration of DPF. Compared to VPS, an increase of 0.93%, 17.81%, and 33.55% was seen
in PS-10%UDPF, PS-20%UDPF, and PS-30%UDPF, respectively. The observed
improvement is attributed to the higher stiffness of the cellulose fiber compared to the
polymer matrix [8]. Bachitar's research [189] indicated that the flexural modulus of high-
impact polystyrene (HIPS) composites reinforced with short sugar palm fibers increased in

response to the addition of fiber loading.

Compared to composites of PS-UDPF with filler loadings of 10% and 20%, the flexural
modulus of PS-ADPF composites with the same filler loadings exhibited increases of 7.07%
and 3.57%, respectively. The observed improvement in adhesion between the matrix and
fillers used in this study can be attributed to the removal of natural and manufactured
impurities. In contrast to a 30% PS-UDPF composite, the flexural modulus of a 30% PS-
ADPF composite exhibits a reduction of 13.44%. The PS-BDPF composite yielded
comparable findings. The researchers have made a significant finding indicating that the
fiber loading and ratio can be augmented until the crucial loading threshold is reached.

Beyond this point, however, the flexural properties decrease [199].
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Figure IV. 9. The composite's Flexural modulus.

I1V.1.5.3. The maximum deflection

The tensile test fracture point strain distribution is consistent (Figure IV.10). Therefore,

readers should check the tensile test strain to avoid repeated interpretations.

It is important to note that fiber ratio and fiber processing affect tensile and flexural
characteristics differently. According to Kotelnikova et al. [200], the tensile and flexural

failure modes were caused.

Maximum deflection [mm]
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Figure IV. 10. The composite's maximum deflection.
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IV.1.6. Thermogravimetric analysis

The present study analyzed the thermogravimetric profiles of virgin polystyrene (VPS) and
PS-DPF composites with varying concentrations of raw and treated particulate filter (DPF)
materials. The thermogravimetric analysis (TGA and DTGA) data for these composites are
presented in Figure IV.11. The plots indicate that thermal degradation of all samples takes
place within the temperature range of 30 to 620 °C. Bachtiar et al. (2012) [189] conducted a
study on the characterization of untreated short sugar palm fiber reinforced high-impact

polystyrene (HIPS) composites, which had a comparable range finding.

The VPS exhibited a single stage of degradation. However, the composite of Polystyrene
(PS) and DPF displayed four distinct phases of degradation (although this was not evident
in all samples of PS-10%DPF). During the initial temperature range of 30-100°C, the
derivative thermogravimetric (DTG) curve of composites has a less distinct and absent peak,
which is not observed in the VPS. The observed phenomenon can be attributed to the
decrease in moisture content within DPF, which did not demonstrate a substantial loss (less
than 3 weight percent). The phenomenon of moisture loss is commonly observed in natural
fabrics. This phenomenon is more conspicuous in composites with a filler concentration of
30% compared to those with a filler concentration of 10%. This is because a more significant
concentration of dispersed phase filler leads to increased water retention, subsequently
leading to a more substantial loss in weight. In this particular stage, it can be observed that
the weight loss of composites incorporating BDPF is marginally lower compared to those
containing PS-ADPF and PS-UDBF. The observed phenomenon can be attributed to the
alkali surface treatment, which increases surface roughness and enhances the accessibility
of hydroxyl groups. Conversely, the benzoyl treatment results in a reduction of the fiber's
hydrophobic characteristics [23]. This supports the conclusions found by Tawakkal et al.
(2014) [192] in their study on the thermal stability of composites made from PLA, kenaf,
and thymol.

During the second phase of degradation, which occurs between temperatures of 180°C and
360°C, the composite materials PS-30 % UDPF, PS-30 % ADPF, and PS-30 % BDPF (as
shown in Figure IV.11-b and f demonstrate their highest rate of decomposition at
temperatures of 355°C, 335°C, and 304°C, respectively. The corresponding weight losses
for these materials are measured at 11.53 %, 12.98 %, and 7.12 %, respectively. The
observed phenomenon can be attributed to the degradation of hemicellulose, which occurs

within a temperature range of 160 to 360 °C. Additionally, the high thermal stability of
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cellulose, characterized by its crystalline structure, results in a decomposition temperature
0t 240-390 °C. Furthermore, lignin, with a degradation temperature ranging from 250 to 700
°C, also contributes to this phenomenon [138] and [131]. VPS does not logically exhibit this
particular phase. Both of the treated composites, which consist of DPF-reinforced PS, exhibit
lower temperatures at which the maximum rate of disintegration occurs within the specified
temperature range. The observed phenomenon can be attributed to eliminating a fraction of

lignin, as lignin tends to break down over a wider temperature range than cellulose.

The third stage, the major disintegration stage, is observed in VPS and PS-DPF composites
within the temperature range of 360 °C to 460 °C. Two potential factors may contribute to
this phenomenon. Firstly, the breakdown of DPF's cellulose II, a-cellulose, and lignin.
Secondly, the deterioration of the polymer network structure and the formation of volatile
oligomers [201]. These factors are believed to be the primary reasons for the significant loss
of mass observed during the primary decomposition phase. The peaks in this stage occur at
temperatures of 415, 422, and 426 °C, indicating the points of highest disintegration rate.
These temperature values correspond to weight losses of 66.5%, 60.9%, and 53.6% for VPS,
PS-10% UDPF, and PS-30% UDPF, respectively, as illustrated in Figure I'V. a and d. In the
present stage, adding UDPF reinforcements improves the thermal stability of PS-DPF
composites by functioning as protective barriers that provide effective heat insulation [189].
The enhancement of thermal stability at this particular stage may be observed by increasing
the filler loading from 10 to 30. This improvement can be attributed to the physical interlock
mechanism, which restricts the thermal motion of polystyrene (PS) segments located near

the surface of the diesel particulate filter (DPF) [202].

In contrast, the maximum decomposition rates for PS-10 %ADPF and PS-10% BDPF at this
stage are recorded as 412 °C and 418 °C, respectively. These values correspond to weight
losses of 66.32% and 63.17%, respectively, as depicted in Figure IV.-c and d.

The PS-30%ADPF and PS-30%BDPF exhibit a peak disintegration rate at temperatures of
420 and 422°C, resulting in weight losses of 55.32% and 56.22%, respectively. Both
treatments exhibit a decrease in the decomposition temperature when compared to PS-
30%UDPF. Removing impurities, such as pollutants, wax, and hemicellulose, from the
surface of the fibers elucidates this phenomenon. The components above form a protective
layer around the cellulose material, impeding its degradation process. Cellulose constitutes

a significant proportion of the fibrous substance [203].
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The fourth stage of deterioration, which occurs within the temperature range of 450 to 540
°C, is not universally observed in all samples exhibiting a broad DTGA peak. The primary
cause of degradation at this stage is the deterioration of a non-cellulosic component, such as
lignin, waxy material, or sugar mallards. The slow degradation of lignin renders it more
resistant to disintegration than other organic constituents. Furthermore, the structure of the
compound encompasses aromatic rings with several branches and substantial cross-linked
molecules [138].

Based on an analysis of the residue weight at a temperature of 650°C, it is evident that VPS
exhibits a lack of significant residue when compared to the PS-DPF composites. This
observation aligns with the conclusions reached by Tawakkal et al. [192]. The data indicates
a positive correlation between the proportion of treated or raw DPF and the residual, as the
ratio climbs from 10% to 30%. As an illustration, when examining PS-10 % UDPF, a residue

of 1.57 % is observed, but PS-30 % UDPF exhibits a residue of 13.57 %.

The formation of residue in the composite can be attributed to two factors. Firstly, the
inclusion of cellulose in the DPF fibers, a type of lignocellulosic material known to generate
char residue [192]. Secondly, the presence of lignin residue, which undergoes decomposition

within the temperature range of 250 to 700 "C [1].

At a temperature of 650°C, the PS-30 % ADPF and PS-30 % BDPF residues are measured
to be 5.67 % and 4.14 %, respectively. These values are lower than the residue of PS-30 %
UDPF. The reduction of the final residue can be attributed to eliminating hemicelluloses and
lignin during the processing of Saba [204].

The incorporation of DPF reinforcements has been found to enhance the heat resistance of
materials, potentially leading to increased fire retardancy [192].

In conclusion, it can be asserted that the polystyrene samples comprising 30% untreated and
treated fibers (as depicted in Figure IV.11-b and Figure IV.11-f) exhibit superior thermal
stability compared to the VPS. Furthermore, a slight advantage is observed in the thermal
stability of the untreated sample over the treated sample when considering the residues. The
thermal stability of the composite is not considerably affected by the incorporation of 10%
treated and untreated fibers. However, it is worth noting that the curves exhibit some overlap,
which can be attributed to the minimal quantity of fibers present.

In comparison to metals, composites exhibit significant thermal degradation at temperatures
over 210 °C, a range that is unattainable during the manufacturing process or in practical

applications involving these composite materials [171].
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Figure IV. 11. TGA and DTGA curves of composite
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IV.1.7. MIP analysis results
IV.1.7.1. Pore size distribution

Table I'V.2 presents the values obtained through the use of MIP on untreated fibers (UDPF),
virgin polystyrene (VPS), and PS-UDPF specimens, as depicted in Figure IV.12 and Figure
IV.13 . The mercury intrusion volume is indicative of the overall open porosity, which
exhibits an increase with the addition of UDPF due to the increased porosity of the fiber
material. Specifically, the fiber material has a porosity of 18.5076%, whereas virgin
polystyrene has a porosity of 4.6976%. The porosity of UDPF fibers can be attributed to the
presence of high lumens in their cross-sectional morphologies [205]. The PS sample
containing 30% UDPF exhibited the highest reported porosity values. The intrusion seen in
the control specimen VPS was found to be lower compared to the intrusion observed in DPF-

reinforced polystyrene.

Table IV. 2. Mercury intrusion porosimetry of UDPF test results.

Test index UDPF VPS PS-10%UDPF PS- PS-
20%UDPF 30%UDPF

Total intrusion volume 0.3137 0.0453 0.0490 0.0775 0.0750
(mL/g)

Median pore diameter (um) 1.0372 0.0142 0.0167 0.0174 0.0201
Porosity (%) 18.5076  4.6976 5.2866 7.9155 7.9465

As the concentration of DPF rose, there was an observed rise in both the median pore size
and porosity. The median pore sizes of VPS, PS-10%UDPF, PS-20%UDPF, and PS-
30%UDPF are 0.0142, 0.0167, 0.0174, and 0.0201 pm, respectively. In general, it was
observed that a finer pore structure was associated with reduced median pore diameter and
porosity [206]. Consequently, the PS-DPF composite exhibited lower compaction and a

more extensive pore network than VPS.

Figure 16 shows untreated date palm fiber pore size distribution and cumulative pore
volume. The particle has pore size diameters ranging from 0.005pum to 6um. The
differential log intrusion curve shows that most pores had a diameter of 0.76 um to 3 um,

with a noticeable peak at 1.35 um.
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Figure IV.13 shows the cumulative intrusion and log differential intrusion in polystyrene

and untreated date palm fiber samples as a function of pore diameter. The PS-UDPF

composite curves are higher than the virgin polystyrene curve, indicating a higher proportion

of porosity. A larger fiber weight ratio increases pores, explaining the fall in tensile and

flexural strengths with fiber load.
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The data presented in Figure IV.13 indicates that the observed pores have diameters ranging
from 0.01 pum to 0.1 um. Pores larger than 0.1 pum exhibit a minimal presence and can be
considered virtually absent. However, it is worth noting that PS-20% UDPF and PS-30%
UDPF demonstrate larger pore sizes, indicating the presence of newly formed pores inside
the material. This observation proves the limited bonding strength between the VPS material
and UDPF. The obtained outcomes align with the observations made using scanning electron

microscopy (SEM) micrographs.

IV.1.7.2. Results for Bulk Density

Figure V.14 illustrates the changes in bulk density among the various samples. It is evident
that the inclusion of both untreated and treated fibers resulted in a decrease in the bulk
density of VPS, which was initially reported as 1019.7 kg/m3 (Table I'V. 3). This reduction
can be attributed to the fact that the fibers possess a lower density compared to the
polystyrene-based resin. Our findings indicate that the bulk density of DPF ranges from 540
to 590 kg/m3, as shown in Table 3. These values are higher than those reported by Almi et
al. [30], who observed a bulk density of approximately 411 kg/m® for DPF obtained from
leaflets. A comparable pattern is observed in various prior studies, including the work of
Praveena B et al. [207], who examined the impact of incorporating pineapple fibers into
polyester resin. Conversely, Abu-Jdayil et al. [131] discovered an opposite trend when
incorporating date pit powder into pure polystyrene, increasing composite density. This can

be attributed to using a reinforcement material with a higher density than the matrix.

Furthermore, it has been observed that the augmentation of filler content is inversely
proportional to the density of composites. Furthermore, increased fiber content inside the
composite leads to elevated pore interiors due to the diminished adhesion between the fiber
and the polymer. The unaddressed one substantiates this occurrence. In a study by Abu-
Jdayil et al. [1], a comparable pattern was seen when the concentration of date palm seed

fillers was augmented within the unsaturated polyester matrix.

The results obtained from samples composed of alkaline and benzoylated fibers exhibit a
high degree of similarity. The enhanced adhesion between fillers and polymers reduces voids
within the composite material, in contrast to PS-UDPF. Consequently, the treated composite

exhibits a higher density compared to the untreated composite.
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The density values of the PS-DPF composites exhibit a range of 982.4 kg/m3 for PS-
30%UDPF samples to 1016.1 kg/m3 for PS-10%BDF composites. This is low or comparable

to other materials suggested in Table 5 for thermal insulation and construction.

Table IV. 3. The thermophysical properties of PS-DPF and comparable substances.

Materials A[W.m K| p [kg.m3| References
VPS 0.1492 1019.7 This work
PS- DPF 0.1185-0.1392 864.3-972.2 This work
Gypsum neat 0.44 1130 Chikhi et al.[147]
HG/DPF (10%) 0.15-0.17 753 Chikhi et al.[147]
LPC 0.112-0.159 542-824 Masri et al.[2]
DPC 0.185 954 Haba et al.[208]
AIN/PS 0.189-0.418 / Wu et al.[202]
PLA- DPWF 0.077-0.105 1200-1450 Al et al.[209]
DS-UPR 0.126 - 0.138 644-1200 Abu-Jdayil et al.[1]
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Figure IV. 14. Composites” bulk density.
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IV.1.8. Results for Thermal conductivity

The thermal conductivity value of raw date palm fibers, as reported in Table 14, was
measured to be 0.0895 W/m-K. The recorded value surpasses the findings of Agoudjil et al.
[210], where they reported a thermal conductivity of 0.083 W/m-K for the petiole of the
Deglet-Noor date palm cultivar. The observed variation in the specimen waste can likely be
attributed to differences in regional factors and the extraction process. Additionally, the
researchers conducted measurements on the electrical conductivity of solid materials. It has

been established that thermal conductivity is influenced by the temperature [150].

In contrast, the thermal conductivities of ADPF and BDPF were measured to be 0.095
W/m.K and 0.0822 W/m.K, respectively. The results do not show a significant disparity in
the thermal conductivity measurement. The observed phenomenon can be related to a slight
alteration in the percentage of crystallinity of the fiber, as indicated in the X-ray diffraction
(XRD) findings. The relationship between thermal conductivity and the degree of
crystallinity has been established in previous studies by Basim Abu-Jdayil et al. [201], who

mentioned that thermal conductivity increased with the degree of crystallinity.

Figure IV.15 illustrates the change in thermal conductivity of the prepared samples. The
thermal conductivity of virgin polystyrene (VPS) was approximately 0.1492 W/m-K.
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Figure IV. 15. Composites” Thermal conductivity.
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It has been observed that the inclusion of fibers has a beneficial impact on the thermal
insulation properties of resin-based polystyrene (VPS), reducing thermal conductivity. The
observed phenomenon can be attributed to the disparity in thermal conductivity between
fibers and VPS. Furthermore, as stated by Ighalo et al. [211], the decrease in density resulting
from the inclusion of fibers leads to an increase in the number of pores inside the material,
thereby reducing its thermal conductivity. Thereby, including excessive filler material within
the matrix can fill the voids created by the pure polystyrene beads containing gases, leading
to a subsequent increase in thermal conductivity, as observed in the case of PS-30%UDPF.
This phenomenon can be attributed to the filler's substantially higher heat conductivity

compared to air voids [1].

As an illustration, the PS-10%UDPF, PS-20%UDPF, and PS-30%UDPF exhibit reductions
of 12.30%, 14.68%, and 13.57% correspondingly, in comparison to VPS. Haddadi et al.
(2015) [212] observed comparable patterns in their investigation of vinyl resin white glue as
a matrix with varying loadings of DPF. Furthermore, Boumhaout et al. [213] conducted a
study that revealed that incorporating a higher quantity of DPF mesh into mortar results in
an enhanced insulating performance, effectively reducing the thermal conductivity by up to
70%. This study also investigates the impact of integrating alkaline and benzoylated fibers
on the thermal conductivity coefficient. Figure IV.14 illustrates that the thermal conductivity
of PS-ADPF and PD-BDPF is greater than that of PS-UDPF when considering fibers of the

same composition.

The observed rise can be attributed to removing hemicellulose by applying sodium
hydroxide (NaOH) in the treatment process, resulting in an elevated cellulose ratio within
the filler material. The cellulose in the treated filter (DPF) serves as a nucleating agent for
the polymer, enhancing the crystallinity and resulting in elevated thermal conductivity. A
direct relationship exists between the degree of crystallinity and the thermal conductivity, as
supported by previous studies by Bai et al. 2018 [214]. Furthermore, the enhancement in
heat conductivity compared to PS-UDPF might be attributed to the improved compatibility

between the filler and matrix and the reduction of air gaps resulting from the treatments [1].

Samples with a greater treated fiber concentration of 30% exhibit a reduced thermal
conductivity compared to samples prepared with PS-30%UDPF. The observed phenomenon

can be attributed to a decrease in the concentration of fillers within the pores, resulting from
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the treatment process due to the removal of hydrogen groups from the fibers. The previous

discussion highlighted the effective dispersion of fibers within polystyrene resin.

During our investigation, a comparison was conducted to assess the impact of two distinct
treatments on thermal conductivity. Generally speaking, it was observed that samples
composed of benzoyl fibers exhibited a lower thermal conductivity than samples composed
of alkaline fibers. As previously indicated, the reduced heat conductivity of BDPF compared

to ADPF is the reason for this attribution.

In each instance, the range of thermal conductivity values (0.1185 to 0.1409W/m.K)
exhibits minimal variance, indicating that the PS-DPF material demonstrates insulating

characteristics.

The authors of this study claim that the LPC composite material, as described by Masri et
al. [2], bears a striking resemblance to the PS-DPF material. Both composites have the same
matrix and kind of filler, albeit with variations in filler loading, size, and treatment. The LPC
thermal conductivity exhibits a range of values between 0.112 and 0.159. This range
confirms the improved thermal insulation achieved by our research on this particular
material. Furthermore, Ighalo et al. [211] formulated a polymer composite utilizing
discarded rice husk and polystyrene materials. A thermal conductivity value ranging from

1.2 to 1.7 W/m-K was discovered, surpassing the results obtained in our study.

Assuming the context of thermal conductivity, heat transfer resistance can be defined as the
inverse of a material's thermal conductivity. In this scenario, the collective resistance of a
composite material can be calculated by summing the individual resistances of each
constituent element, with their respective weights determined by their volume (or mass)
percentages [215] equation (10)

n

1

Wj
A

)\overall o
i=1

Where w; represents the weight fraction of component i and 2; is the thermal conductivity,

summed over all entering constituents of a composite.

Meanwhile, traditional construction walls consist of building blocks, concrete, and
reinforced concrete, exhibiting an average thermal conductivity of 1.01W/m.K [215]. In an

alternative scenario, if the wall is constructed using building blocks, concrete, and reinforced
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concrete, and PS-30 % BDPF is used to form one-third of the wall's thickness, while the
remaining two-thirds of the wall is made up of the aforementioned materials, then the

parameter w_i remains unaffected.

1 —_ n &: (1/3) + (2/3) :3 473

Aoverall =1 Aj 0.1185 1.01

This implies that the updated value of Aoveran will be 0.2879 W/ m. K. Hence, when
constructing a wall with a thickness equivalent to one-third of its total width, employing PS-
30 % BDPF as the material, the resulting decrease in thermal conductivity may be estimated

to be approximately 71.4%.

In the second instance, we will assess if PS-30% BDPF accounts for one-third of roofs
produced from gypsum plaster, possessing a thermal conductivity value of 0.52 W/m.k
[143]. If this condition is met, the roofs will have a thermal conductivity value of 0.52

W/m.k.

1 — Zn A (1/3) + (2/3) :4.094

=13, 01185 ' 052

)\overall

Consequently, the new value of A_overall is determined to be 0.2442W/m.K. Therefore, by
utilizing PS-30%BDPF material to build a wall with a thickness of one-third of the total wall
thickness, the resultant decrease in the overall thermal conductivity will be approximately

53.03%.

IV.1.9. Cost-effectiveness

Evaluating the sustainability of composite materials reinforced with date palm fibers also
considers the significant aspect of cost-efficiency. Tables IV.4 and IV.5 provided
information on the unit costs of raw materials and the cost-efficiency of the PS-UDPF in the
Biskra region of Algeria, respectively. Furthermore, it is vital to acknowledge that the
investigation was carried out regarding the quantity of material utilized to produce two
plaques (measuring 130x130x2.4 mm?®) for each formulation category. The PS-UDPF
composite materials exhibited greater cost-effectiveness compared to the VPS.
Consequently, utilizing these inexpensive or freely available waste materials has enhanced
cost-efficiency. Upon conducting a comparative analysis of the overall expenses incurred by
each group, it has been determined that a higher replacement rate of DPF for polystyrene

leads to enhanced cost-effectiveness.
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Preserving the environment and minimizing the consumption of natural resources, such as

polystyrene, a petroleum derivative, are of utmost importance.

Table IV. 4. Unit costs of raw materials employed in PS-DPF composites materials.

Materials EPS DPF

Units cost (DZD/Kg) 336,22 13,45

Table IV. 5. Cost-efficiency of PS-DPF composite materials.

Samples EPS DPF Total
formulation material
costs
Mass (g) Cost (DZD) Mass (g) Cost (DZD) (DZD)
VPS 200 67,24 0 0 67,24
PS-10%UDPF 180 60,52 20 0,27 60.79
PS-20%UDPF 160 53,80 40 0,54 54,34
PS-30%UDPF 140 47,07 60 0,81 47,88

1v.2. SECOND WORK HYBRID BIOCOMPOSITE
(GYPSUM/DPF/EPS)

IV.2.1. FTIR Results

Figure IV.16 illustrates the infrared spectra of NG, DPP, and EPS.

One may detect the presence of various peaks inside the NG sample. The bands detected at
wavenumbers 3613 and 3548 cm™ can be ascribed to the dimeric and characteristic
polymeric stretching vibrations of the O-H bonds in crystalline water in CaSO4.2H20. The
observations above provide supporting evidence for the existence of gypsum and sulfate
compounds within the analyzed sample [216]. The identification of the O-H vibrations of
water in the original chemical composition of the binder, specifically calcium sulfate
hemihydrate, can be deduced based on the peak detected at 1616 cm ™ !'[143]. The vibrational
frequencies of alkyl thioketones (-C=S) in sulfur compounds have been shown to fall within

the range of 1050-1150 cm™ [217]. The gypsum specimen has a distinctive S-O bending
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vibration, which has been determined through experimentation at a wavenumber of 594 cm”

11143].

Significant and extensive O-H stretching can be identified from the peaks detected at around
3248 cm-1 in the context of fibers [167]. The identification of prominent peaks in the vicinity
0f 2913 and 2842 cm-1 indicates the possible presence of the alkane (C—H) functional group
[175]. The identification of a peak at around 1737 cm™! in the DPP spectra can be attributed
to the carbonyl group C=0 [183]. The presence of a peak at 1616 cm-1 in the spectrum can
be ascribed to water absorption by the untreated palm fiber. This absorption is predominantly
influenced by the fiber's hydrophilic properties, as documented in previous studies [157].
The peak that is prominently visible at around 1010 cm—1 is associated with the carbohydrate
backbone of cellulose, as well as the C—OH stretching vibration of the lignin, cellulose, and

hemicellulose backbones [4,153,218].

The Fourier Transform Infrared (FTIR) spectra of EPS had discernible peaks corresponding
to the stretching vibrations of C-H bonds, notably at around 3021 cm—1 and 3066 cm—1.
Furthermore, the spectra exhibited peaks characteristic of C-H2 stretching vibrations, with
approximate values of 2913 cm™' and 2842 cm™' [219]. The stretching vibrations of the
benzene ring are typically detected at around 1616 cm—1 and 1456 cm—1, whereas the

bending vibrations manifest at approximately 758 cm ™! and 524 cm™! [220)].
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Figure IV. 16. FTIR spectra of NG, DPP, and EPS.
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IV.2.2. DRX results

Figure IV.17-a, b, c, and d display the X-ray diffraction spectra of NG, DPP, G-EPS-15F,
and polystyrene, respectively. The current study provides evidence that the gypsum plaster
used has a distinct composition consisting of various minerals with differing levels of

intensity:

-Quartz is a mineral characterized by its crystalline structure, primarily of silicon dioxide

(Si02) [221].

-Calcite is a mineral mainly composed of calcium carbonate (CaCO3). Sedimentary rocks,
such as limestone and dolomite, are often strongly associated with geological formations

such as stalactites and stalagmites [216].

-Dihydrate calcium sulfate, known as gypsum, is a mineral characterized by white or grayish
coloration. It is naturally formed by evaporation of seawater or salt-laden groundwater. The
source referenced as [216] states that the primary constituent of the substance is hydrated

calcium sulfate.

Additionally, halite (NaCl) has been observed in the analyzed samples, concluding that the
gypsum powder under investigation does not possess complete purity. Additional
components, commonly known as contaminants, possess the capacity to influence the
mechanical and thermophysical characteristics of the gypsum powder. The research findings
indicate that the sample demonstrates a 28.42% amorphous content, while the remaining

71.58% is attributed to its degree of crystallinity.

Figure IV.17-b illustrates the X-ray diffraction pattern of DPP. This examination aimed to
get qualitative data on the mineralogical composition of the biofiber under investigation. A
comparative analysis was conducted using X-ray patterns of sugar palm fiber [222] and
bamboo fiber [223], which confirmed that the apparent crystalline component in the fiber
primarily consisted of cellulose. The examination indicates that the sample demonstrates a
composition of 47.69% amorphous and 52.31% crystalline phases. The occurrence of two
separate peaks at 20 values of 16.8° and 21.7° can be ascribed to the existence of cellulose I
and cellulose IV, both of which possess a monoclinic crystal structure [155]. The results of
this investigation suggest that the fibers obtained from date palms exhibit a semi-crystalline

structure.
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The results of an X-ray diffraction analysis conducted on a polystyrene sample are presented
in Figure 7-d. A solitary, broad diffraction peak was seen at a 20 angle of 19.67°, a
characteristic peak linked to polystyrene [224]. The observed peak indicates that the
polystyrene sample exhibits high purity and lacks a crystalline structure. The researchers
discovered that the degree of crystallinity was 29.91%, which is consistent with the results

given by Huang et al. [225].

Figure IV.17-c depicts the X-ray diffraction (XRD) pattern of the composite samples G-
EPS-15F. The observed trend suggests that the presence of DPP and EPS influences the
crystallinity of the plaster. The decrease in peak intensities found in G-EPS-15F composites,
in comparison to NG, indicates a decline in the crystallinity of the composite. This assertion
is reinforced using equation (3), resulting in a computed value for the degree of crystallinity

0of 61.70%.

The calcium sulfate dihydrate and quartz peaks in pure gypsum, as shown in Figure [V.17-
¢, have intensities of 2628 and 1212, respectively, at around 14.7° and 50°. On the other
hand, the G-EPS-15F composite demonstrates peak intensities of 873 and 347, respectively.
A decrease in the level of crystallinity leads to a proportional decrease in the mechanical
characteristics of the composite material. El, Charai, and Channouf [221] identified a similar

trend.

Table IV.17 displays the X-ray diffraction (XRD) analysis results for the materials under

investigation.

Table IV. 6. Microstructural parameters from XRD-analysis for some studied samples.

Samples code The area under Total area under Degree of Amorphous ratio,

the crystalline the entire crystallinity, Xcryst Xam

eaks, Acrys diffraction curve
PR, e [%] [%]

(ACryst + AAmoxph)
NG 6912.09 9656,46 71.58 28.42
DPP 21235.59 40587,92 52.31 47.69
PS 5191,19 17353,43 29.91 70.09
G-EPS-15F 4724,96 7656,99 61.70 38.30
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Figure IV. 17. X-ray diffractograms of (a) NG, (b) DPP, (c) G-EPS-15F, and (d) EPS.
4.2.3. Mechanical proprieties

Including EPS and date palm fibers in gypsum plaster reduced mechanical properties, as
evidenced by the bending and compression test curves (Figure 1V.18-a and Figure IV.18-b
respectively). The observed fragile behavior suggests a potential compromise in structural
integrity. Curves reveal an evolution in the fragile behavior of the gypsum plaster resulting
from the different added particles. Further analysis and optimization may be necessary to
enhance the composite's performance and address the identified mechanical limitations
introduced by incorporating these waste materials. The behavior of the present composite is

similar to that observed by R. Belakroum et al. [2] and Le et al.[52].

The mechanical parameters of compression strength (a), flexural strength (b), and Young's
modulus (c) are depicted in Figure IV.18. The preliminary observation suggests that the
incorporation of expanded polystyrene (EPS), fiber (F), or a combination of both leads to a
significant reduction in the mechanical properties of the samples that were prepared. The
compression strength of G-EPS, G-5F, and G-EPS-10F materials shows a decrease of
38.68%, 68.68%, and 76.25%, respectively, when compared to the compression strength of
plain gypsum (NG), which has the most significant value of 7.79MPa. As explained in

section 4.2.3, EPS, DPP, or both reduce density, causing mechanical properties to decline.
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Figure IV. 18. Stress-Strain curves of (a) Three bending test (b) Compression test
Inclusion reduces compactness, increasing voids and faults in composite materials. Thus,

internal coherence and interaction decrease across all components [226].

In contrast, the G-EPS sample composite exhibits enhanced mechanical properties compared
to G-F and G-EPS-F. Compared to G-EPS, G-5F experiences a decrease in flexural strength
of 32.35%, whereas G-EPS-5F experiences a decrease of 43.27%. It is worth noting that G-
EPS demonstrates a flexural strength of 2.38MPa.The observed phenomena can be ascribed
to the low weight percentage of EPS incorporated into the gypsum plaster at 0.3%. In
comparison to samples NG, it is seen that G-EPS exhibits a significant reduction in
compression strength by 38.68%, flexural strength by 37.20%, and Young's modulus by
16.44%, despite its comparatively low weight percentage of expanded polystyrene (EPS).
The literature reports that Expanded Polystyrene (EPS) is characterized by a low density
within the range of 15-35 kg.m-3, as indicated by references [18,224,227].

As a result, small quantities of EPS balls can fill a specified volume of a sample. Bouzit et
al. (2021) [163] explain the reduction in mechanical proprieties by examining the presence
of pores inside the EPS material and the gypsum plaster. The decrease in adhesion between
expanded polystyrene (EPS) and gypsum plaster can be ascribed to the hydrophobic
properties exhibited by EPS. The observation above has been documented by Semlali
Aouragh Hassani et al. [226] and further corroborated by similar findings presented by Bicer
et al.[228]. On the other side, empirical results demonstrate that an augmentation in the
proportion of fiber from 5% to 15% decreases compression and flexural strength. As a
demonstration, it is evident that the G-10F specimen displays a decline of 29.91% in

compressive strength and a fall of 27.95% in flexural strength compared to the G-5F
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specimen. The observed phenomena can be ascribed to the existence of amorphous
substances on the outer surface of the fiber, leading to a non-uniform and coarse texture. As
a result, this phenomenon reduces the interfacial adhesion between the fibers and the matrix,
as indicated by previous research by Messaoud Boumaaza [229]. This phenomenon can be
ascribed to the creation of filler aggregates, which arise from the establishment of strong

hydrogen connections between them and the insufficient dispersion of fibers [11, 15].

Figure IV.18-c depicts a proportional correlation between the young modulus and the
amount of fiber present. An increase in fiber content leads to a corresponding increase in the
young modulus. As an example, it can be observed that the young modulus of G-15F is
154.75MPa, which is 57.19% and 31.71% higher than the young modulus of G-5F and G-
10F, respectively.

The observed increase in rigidity can be ascribed to the inherent rigidity of the fibers, which
surpasses that of gypsum plaster. A comparable pattern was noted in previous studies by
Gellala et al. [142] and Benchouia et al. [4]. About the G-EPS-F samples, it is evident that
these specimens demonstrate diminished levels of compression strengths, flexural strength,
and Young's modulus in comparison to G-F. For example, the G-EPS-5F variant exhibits a
decrease of 18.85%, 16.14%, and 1.71% in the attributes above compared to the G-5F
variant. The observed decrease in [variable] can be attributed to the presence of voids
resulting from including polystyrene balls within the gypsum matrix. The presence of these
voids leads to a decrease in mass and an increase in structural imperfections inside the
specimens. The fibers are expected to enhance stress transmission and inhibit the
propagation of fractures by means of a bridging mechanism while simultaneously offering
support for a portion of the applied load. In the present situation, the fibers demonstrate
restricted load transfer capacities, accumulating stress at distinct locations inside the

composite material.

The relatively slower rate of hydration in the composite materials can be attributed to this
phenomenon. The decreased water content resulted in notable matrix contraction, reducing
the adhesive potency between the fiber and matrix. Chikhi et al. [147] posit that a decrease
in the adhesive strength between the fiber and matrix renders the fibers more susceptible to
causing structural tears or disruptions within the system. Consequently, there is a decline in

the mechanical properties of the system.
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Figure IV. 19. Flexural strength (a), compressive strength (b), and Young modulus (c) as
a function of expanded polystyrene and date palm fiber content.

The incorporation of Expanded Polystyrene (EPS), DPP, or a combination of both in gypsum

results in a reduction of its mechanical qualities. Therefore, it is imperative to investigate

viable solutions to improve these characteristics. Previous studies have extensively

examined chemical interventions on the fibers as potential remedies Benchouia et al.[4].

Moreover, it is expected to enhance the manufacturing procedure. Including an extra

important factor is of utmost importance, as supported by numerous studies, which

emphasize the impact of variables such as fiber dimensions, alignment, and EPS content on

the mechanical characteristics [142,230].
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Plaster composites that incorporate Expanded Polystyrene (EPS), (DPP), or a combination
of both demonstrate restricted mechanical properties while exhibiting a deficiency in
structural integrity. Therefore, their utilization is predominantly appropriate for ornamental
functions, interior plastering, or as thermal insulators in the field of construction, as

emphasized in the research carried out by Braiek et al. [144] and Bicer et al. [137].

Figure IV.19 illustrates a collection of fractured samples obtained due to the three-point
bending experiment. The provided figures depict the fracture characteristics of three distinct
specimens, namely neat gypsum NG (Figure IV.19-a), sample G-EPS (Figure IV.19-b), and
sample G-EPS-15F (Figure IV.19-c). The observation indicates that the gypsum NG and G-
EPS samples underwent complete fracture, separating them. Nevertheless, the G-EPS-15F
specimen, despite displaying indications of fracture and the existence of cracks (as denoted
by the red line), maintained its structural integrity and did not undergo complete separation
into two different entities. The observed phenomenon can be ascribed to the fact of the
embedded fibers in the composite (Fig.25-b), which effectively impede the development and
progression of cracks by means of a sewing mechanism. As a result, the fibers effectively
preserve the structural integrity of the sample, so enabling the management of cracks prior
to complete breakage. The observations above, as provided by Balti et al.[231] and

Boumaaza et al. [229], exhibit congruence.

Figure IV. 20. Broken samples (a) NG, (b) G-EPS, and (c) G-EPS-15F following flexural test.
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IV.2.4. Thermo-physical proprieties

Figure IV.20 demonstrates the influence of integrating EPS, DPP, or a combination of both
on the thermal conductivity of the composite materials being studied. The matrix, in this
case, is gypsum plaster. The main finding of interest is that the incorporation of vegetal waste
(DPP), synthetic waste (EPS), or a combination of both results in a decrease in thermal
conductivity in the generated samples in comparison to the reference sample (NG). For
example, the thermal conductivity of G-EPS, G-5F, and G-EPS-10F demonstrates a
respective reduction of 11.88%, 21.18%, and 28.47% when compared to neat gypsum (NG),

which possesses the maximum thermal conductivity value of 0.425 W/m.K.

Drawing upon a comprehensive examination of numerous prior studies conducted within
the identical domain of inquiry, the decrease in thermal conductivity can be ascribed to two
fundamental variables. One crucial aspect to take into account is the notable discrepancy in
thermal conductivity between the gypsum plaster employed (0.425 W/m.K, as depicted in
Figure IV.20 and the thermal conductivity of the fibers (0.0895 W/m.K, as documented by
Benchouia et al. [4], as well as the thermal conductivity range of expanded polystyrene
(0.035-0.04 W/m.K, as indicated by G. Huanget al. [18] and Hung et al. Anh [227]. The
findings and interpretations of the research conducted by Amara et al. (2017)[140], Chikhi
(2016) [232], Braiek et al. (2017) [144], and Bouzit et al. (2021) [163] were found to be

similar.
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Figure IV. 21. The thermal conductivity of the composite samples.
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Waste elements in gypsum plaster reduce composite material density, the second significant
factor [13,137,143,230]. Belakroum et al. (2018) [10] found a correlation between composite
density and heat conductivity. Figure IV.20 shows this.
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Figure IV. 22. The Bulk Density of the composite samples.
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The impact of air gaps on the density of composites has been documented Figure 1V.25,
leading to a direct negative connection. This phenomenon results in an elevation in thermal
resistance and a reduction in thermal conductivity. The observed pattern aligns with the
outcomes of our research, as illustrated in Figure Figure IV.22, wherein a decrease in density

is associated with a decrease in thermal conductivity.

The porous structure of Expanded Polystyrene (EPS), composed of air-filled beads (Fig25-
e), is generally acknowledged by Bicer and Kar [137]. The reported range for the bulk
density of EPS is 15-35 kg/m3 [227,233]. This range is associated with a drop in bulk density
and subsequently affects the thermal conductivity of the manufactured composites. The
observed pattern aligns with the research conducted by S. Bouzit et al.[163], wherein a non-
linear reduction in the thermal conductivity of gypsum plaster was observed as the

polystyrene content increased and the ball diameter decreased.

Additionally, it is essential to acknowledge that according to Benchouia et al. 's findings [4],
date palm fibers have a lower bulk density of 590 kg/m3 in comparison to NG, which has a
bulk density of 977 kg/m3 (as depicted in Figure IV.21). These fibrous materials can increase
in size when they absorb water and can be mixed with gypsum. Notably, the moisture
contained within the gypsum solution undergoes gradual evaporation throughout the 28-day
drying period. This evaporation process contributes to the development of synthetic micro-
pores inside the binding agents [137], in conjunction with the pre-existing EPS pores,
throughout the drying phase of the specimens. The observed decrease in bulk density and
thermal conductivity of the resultant composite depends on the DPF ratio, as indicated by a
previous study by researchers [5,213]. In our specific case, Djoudi et al. [[171] and Gallala
[142] have observed that the alignment and tight packing of small fiber lengths provide
greater difficulty compared to larger fibers. Hence, while evaluating the explicit fiber
content, it becomes evident that decreased fiber length leads to many voids within the

material.

It reduces the material's thermal conductivity. We found 19.08% and 29.59% reductions in
samples G-10F and G-15F compared to G-5F. Expanded Polystyrene (EPS) reduces thermal
conductivity over time. G-EPS-5F and G-EPS-15F have 9.23% and 23.30% lower thermal
conductivity than G-5F and G-15F. The above factors explain this tendency.

Figure 1V.23 shows the volumetric thermal capacity (pc) variation of composite material

samples prepared for investigation. Pure gypsum plaster has the highest volumetric thermal
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capacity at 1212.03 KJ/m3.K. However, EPS, DPP, or both lower volumetric thermal
capacity. Samples with EPS and fiber have a lower volumetric thermal capacity than those

with only fibers.

The G-EPS-15F samples demonstrate the lowest volumetric thermal capacity, measuring
946.94 KJ/m3.K. This measurement indicates a reduction of 21.87% in comparison to NG.

The research conducted by Ouakarrouch et al. [143] revealed a significant decrease of
approximately 16% in the volumetric thermal capacity. The aforementioned decrease in
thermal conductivity was observed in the pure plaster sample, which initially had a value of
1550 kJ/m3.K. The composite material, consisting of P + 5% chicken feather waste,
gradually declined in energy density until it reached a value of 1310 kJ/m* K. Moreover, the
volumetric thermal capacity of the fabricated materials declined when the mass fraction of
date palm fibers escalated from 5% to 15%. The utilization of date palm fibers has been
found to have a two-fold impact, specifically a decrease in material densities and an
improvement in thermal properties. Braiek et al. [144] also noted a similar finding, wherein
they observed a decrease in the thermal capacity of the DPF/gypsum composite when the
mass percentage of date palm fibers grew from 5% to 20%, ranging from 3.14% to 36.22%.
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Figure IV. 24. Volumetric thermal capacity of the composite samples.
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Thermal diffusivity is a key parameter that measures the rate of heat conduction within a
material. The assessment of materials for building purposes is significantly influenced by
this particular property [13]. The thermal diffusivity values derived from the computations
are illustrated in Figure IV.24.

The addition of Expanded Polystyrene (EPS), (DPP), or a combination of both to the plaster
material positively affects the reduction of thermal diffusivity in the composite. The most
significant decrease, amounting to 20.34%, is observed in the case of G-EPS-15F. The
decrease in heat diffusion can be ascribed to the increased porosity that arises from the
inclusion of Expanded Polystyrene (EPS), DPP, or a combination of both in the composite
material, along with the honeycomb structure of the fibers. This configuration is in
opposition to the established direction of thermal energy transfer [141,221]. Ouakarrouch et
al.[143]observed the same patterns in their study, wherein they found that the thermal
diffusivity of pure gypsum plaster fell from 3.07 x 10—7 m2/s to 2.69 x 10—7 m2/s when
combined with a composite of P + 5% chicken feathers waste. As a consequence, there was
a calculated decrease of around 13%. In a study conducted by Braiek et al. [144], it was
discovered that the application of 20% (DPP) to gypsum plaster resulted in a drop of 39.58%

in the thermal diffusivity value.

4.0

13.507 3.49
v 3542 3.343 4

2 /3” ) 3181 3.054 3041

<7304 271 295 2793

N

Thermal Diffusivity [m2.s
> o o

o
(6]
1

o
o

T T T T T T T T T
A R P
' (< o & Qﬁ?% é{o
Samples . o o

Figure IV. 25. Thermal diffusivity of the fabricated composite specimens.
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Figure IV. 26. SEM micrograph of composites samples (a) G-5F (b) G-15F (c) G-
EPS (d) G-EPS-5F (e) G-EPS-15F.

Ismail et al. [234] have reported a significant correlation between moisture and thermal
diffusivity, indicating that moisture substantially impacts thermal diffusivity. According to
research findings, it has been observed that the thermal capacity of dried samples is higher
compared to undried samples. However, the thermal diffusivity of dried samples shows a
decrease of roughly 22%. This implies the need to assess the influence of moisture on the

thermal properties of various materials. Hence, considering the notable discoveries in
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thermal insulation, an insulating material must exhibit low conductivity and demonstrate the

capacity to impede heat transfer efficiently.

IV.2.5. Comparative study

Table IV. 7 presents a comparative analysis of the mechanical and thermophysical properties
of the biocomposite composed of gypsum reinforced with EPS, DPP, or a combination of
both. This comparison includes similar composites developed by researchers for thermal

insulation and building construction.

A difference in the results is seen, which can be attributed to the variance in the properties
and attributes of the binder and reinforcement materials employed. Furthermore, it is
essential to consider that several factors can influence the properties above. These factors
include temperature variations, moisture content [227,234], chemical treatment [223], and

the inherent manufacturing process.

Furthermore, other techniques exist for quantifying thermophysical properties, such as the
steady-state Hot Plate approach and the flash method [235], which can yield divergent
outcomes. The experimental results suggest that the composite examined in this study
exhibits favorable mechanical and thermal properties when compared to other composites,
as demonstrated in Table IV.07. It is worth noting that the density and thermal conductivity
values obtained in this study are lower than those reported in previous works [142,228],
Gellala et al. [142], Fatma et al.[13], charai et al. [236], and Ouakarrouch et al.[143]. In
previous studies by Amara et al.[140] , S. Bouzi et al. [163], and Braiek et al.[144], the

obtained results were slightly lower compared to the findings presented in our research.

The gypsum biocomposite based on EPS/DPP has promising characteristics as a feasible
choice for developing economically efficient, reliable, and high-performing insulation

materials.
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Table IV. 7. A Comparison of the mechanical and thermophysical properties of the
fabricated hyprid biocomposites to those of various building materials.

Materials Bulk Thermal Thermal Flexural Compression | References

Density | Conductivity | diffusivity Strength strength

Kg.m?3

[Kg.m~] [W.m k'] | [m%s™].10° [MPa] [MPa]
gypsum / EPS (20 1088 0.335 / / 3.05 Bicer et
%) al.[228]
gypsum /15% date 861.86 | 0.213+0.013 2.563 + / / Braiek et al.
palm fibers (DPF) 0.047 [144]
Lime/20% DPF ~950 0.201 / / 0.6 Belakroum et

al. [10]
Plaster / 17% 1415.15 0.52 / =6 ~13.5 Gallala et al.
DPFW [142]
Gypsum/10%EPS 810-840 0.209 / =25 =57 Bouzit et
al[163]

(d=3mm)
Gypsum/5% 1049.0 0.309 2.69 / / Ouakarrouch
chicken feathers et al(
waste 2020)[143]
Gypsum/1.5% 1132 0.31 2.9 1.62 3.29+0.12 Fatma et al.
doum palm fibers [13]
gypsum plaster / 825.233 0.232 3.417 / / Amara et al.
with 10% DPF [140]
(Sand, cement)/ 1338- 0.46-0.19 / 0.544.16 0.66-19.44 Charai ef al.
(0%-10%) Alfa 1682 [236]
plant
Gypsum/ 852-977 | 0.2645-0.425 2.79-3.51 0.74-3.79 1.55-7.79 This work
(EPS and/or DPP)

Page 140




CHAPTER IV RESULTS AND DISCUSSION

Conclusion

This chapter presented the findings of two biocomposite materials developed from waste
plant compounds for thermal insulation applications. For the PS-DPF composite, filler
loading and chemical treatments were found to significantly influence properties like
strength and thermal stability. The second composite, gypsum plaster reinforced with EPS
and DPP, showed reduced mechanical strength but improved thermal properties. These
findings suggest that these biocomposites have potential for eco-friendly construction

practices, but further research is needed to fully assess their suitability.

Page 141



GENERAL CONCLUSION



GENERAL CONCLUSION

GENERAL CONCLUSION

To promote waste materials in civil and mechanical engineering, specifically in
thermal insulation, two new biocomposite materials based on waste plant compounds are
being developed and studied. The first composite is the date palm leaflet fibers DPF
reinforced polystyrene, the fibers derived from date palm leaflets obtained from the Deglet
Noor species gathered from a palm oasis in the Horaya district of Biskra, situated in the
southeastern part of Algeria; the matrix was obtained from melting the polystyrene. The
second biocomposite is based on gypsum plaster reinforced with expanded polystyrene EPS
and/ or date palm petiole fiber (DPP). Different physical, mechanical, thermal, and

morphological tests were carried out to characterize both elaborated composites.

The first composite, based on date palm waste and polystyrene PS-DPF, uses the fibers
of the date palm leaflets as reinforcement. In this work, we studied the effect of two
parameters in the measured proprieties; the first, the initial variable was the filler loading
(10%, 20%, and 30%). The second factor was subjecting the fibers to two chemical
treatments: one with sodium hydroxide and the other with chloride benzoyl to enhance the

compatibility and bonding of the fibers with the polymer.

Les results of scanning electron microscopy (SEM) micrographs revealed that the filler
dispersion and its interfacial interactions with the matrix were enhanced due to reducing the
presence of OH groups on the fibers. This finding was confirmed by Fourier transform
infrared spectroscopy analysis (FTIR). X-ray diffraction (XRD) investigations show that
ADPF exhibits the highest level of crystallinity index. The PS-DPF composites
demonstrated good tensile strength ranging from 14 to 27 MPa, flexural strength ranging
from 31 to 44 MPa, and yung modulus ranging from 2.9 to 5.9 GPa. The findings indicated
that using alkaline and benzoylated treatments enhances the tensile and flexural strength but
causes a minor reduction in the elasticity modulus. Both chemical treatments exhibited a
comparable effect on these characteristics. The Thermogravimetric analysis (TGA) findings
showed that PS samples packed with 30% untreated and treated fibers exhibit the highest
level of thermal stability compared to VPS. There is a slight advantage for the untreated
sample when considering residues. The composites exhibited a low thermal conductivity (A)
ranging from 0.118 to 0.141 W/m.K at 18°C. The variation in thermal conductivity was not
consistent with the changes in bulk density (p), which ranged from 860 to 980 kg/m3 and

decreased with the addition of fibers. Furthermore, substituting one-third of traditional
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building materials with a PS-DPF composite has demonstrated potential for various uses,
particularly in thermal insulation, resulting in a notable decrease in thermal conductivity by
as much as 50%. Composite materials have demonstrated their potential as thermal

insulators, promoting the regular utilization of waste in nations' production dates.

For the second studied biocomposite material, the objective was to investigate the
potential application of Date palm petiole fibers (DPP), expanded polystyrene waste (EPS),
or a combination of both as aggregates for the development of a lightweight gypsum plaster
hybrid bio-composite. The aim was to enhance the mechanical and thermophysical
properties of the composite. To determine the most effective mass ratio of inclusion for
creating thermally insulating building materials that can resist mechanically. A total of eight
gypsum-based mixtures were formulated. These mixtures had varying amounts of DPP (0%,
5%, 10%, and 15% by weight) and were tested both with and without EPS. The mixtures
were then subjected to experimental analysis to assess their properties. The X-ray diffraction
(XRD) analysis reveals that the crystallinity percentages of neat gypsum plaster (NGP), EPS,
and DPP are 71.58%, 29.91%, and 52.93%, respectively. The compression strengths,
flexural strengths, and young modulus indicate that the incorporation of either EPS, DPP, or
both severely diminishes the mechanical properties of the produced samples. The
biocomposites exhibited reduced thermal conductivity (A) ranging from 0.265 to 0.414
W/(m.K) at 24°C, as well as lower bulk density (p) ranging from 852 to 925 kg/m3, in
comparison, the reference NGP samples had a thermal conductivity of 0.425 W/(m.K) and
a bulk density of 977 kg/m3. According to a comparative study and based on this analysis,
it is recommended to use the samples as internal plaster, insulation plaster, infill, and
decorating material due to their inferior mechanical and thermal qualities compared to
traditional gypsum plasters. Two notable advantages can be obtained by employing this
plaster and decorative material. Initially, an evaluation will be conducted on the waste EPS
and DPP, resulting in the mitigation of environmental contamination. Furthermore, the
material will actively assist in saving energy in the heating and cooling operations of

buildings.

In conclusion, our investigation into thermal comfort within constructions insulated with
various materials has provided valuable insights into their performance. We meticulously
measured thermal conductivity, thermal diffusivity, and mechanical properties throughout
our study to assess insulation effectiveness and structural integrity. However, it is essential

to acknowledge that due to equipment availability constraints, we could not measure several
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other critical parameters essential for a comprehensive evaluation of thermal comfort. These
include indoor temperature variations, relative humidity levels, mean radiant temperature,
air velocity, surface temperatures, energy consumption patterns, and indoor air quality. The
absence of these measurements limited the depth of our analysis. Nonetheless, our findings
underscore the importance of further research endeavors equipped with advanced sensors
and monitoring tools to capture a broader spectrum of data, thereby refining our
understanding of thermal comfort in insulated constructions. These are some of the avenues
that the LGM (Laboratory of Mechanical Engineering) intends to develop in pursuing this

work.
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