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Abstract 

 

 

This study's main goal was to make an eco-friendly composite from palm petiole fibers that could be 

used as fillers in a linear low-density polyethylene (LLDPE) matrix with a loading of 15–25 wt% and to 

look into how the composites age naturally. To achieve this main objective, lignocellulosic fibers were 

prepared using successive treatments on the fiber surface (NaOH, hydrogen peroxide, and acetic anhydride). 

The NaOH pretreatment aimed to overcome the recalcitrance of lignocellulosic biomass. FTIR showed that 

pretreatment with NaOH helped the peroxide hydrogen treatment of NaOH-petiole fibers to break down 

biomass without separating it into different parts. This made it possible to get micrometric-sized 

lignocellulosic fibers. 

These lignocellulosic fibers that have been extracted are hydrophilic, which means that the hydroxyl 

groups in the fibers interact with water molecules. The hydrophilic nature of these lignocellulosic fibers 

often results in poor compatibility with hydrophobic polymeric matrices. Surface modification is therefore 

necessary to make them more hydrophobic and compatible with the hydrophobic matrices. For this reason, 

we treated the lignocellulosic fibers with acetic anhydride, which is used to modify the surface of the fibers 

and make them more hydrophobic. 

The scanning electron microscopy (SEM) results showed that the enhanced interfacial adhesion between 

the fibers and the matrix makes treated composites more rigid and more homogeneous, which means that 

the fibers are distributed more uniformly. The tensile modulus and flexural strength were all enhanced by 

adding 15-25% of untreated palm petiole fibers, while the tensile strength was decreased. Palm-petiole fiber 

composites' storage modulus increased, and the acetylated-alkali fiber (FNA) reinforced LLDPE composite 

showed the highest storage modulus. Loss modulus increased when palm petiole fibers were strengthened. 

The Tan delta of composites made from palm petiole fibers was low initially but expanded with fiber 

addition. After exposing the LLDPE/PPF composites to natural aging, we observed, by IRTF, the formation 

of several oxidation products, an increase in the crystallinity rate, and Young's modulus. Furthermore, the 

SEM images clearly show that the degradation is severe with aging. We concluded that successive 

treatments improve the performance of the palm petiole fiber and have the potential to create a new type of 

sustainable and eco-friendly material for various applications. 

 

Keywords: Palm petiole fibers, Linear low-density polyethylene, Chemical treatment, Natural weathering 

Morphological, Mechanical, Dynamic mechanical. 



 

 الملخص

 

في  حشوالتي يمكن استخدامها كمواد  النخيل أعناقمركب صديق للبيئة من ألياف الهدف الرئيسي لهذه الدراسة هو صنع 

٪ بالوزن والنظر في كيفية تقادم المواد 25-15مع تحميل بنسبة  (LLDPE) مصفوفة البولي إيثيلين الخطي منخفض الكثافة

الحال. ولتحقيق هذا الهدف الرئيسي، تم تحضير الألياف اللجنوسليلوزية باستخدام معالجات . بطبيعة مع مرور الوقت المركبة

  NaOH متتالية على سطح الألياف )هيدروكسيد الصوديوم، بيروكسيد الهيدروجين، وأنهيدريد الخل(. تهدف المعالجة المسبقة لـ

ساعدت في معالجة  NaOH أن المعالجة المسبقة باستخدام FTIR إلى التغلب على عناد الكتلة الحيوية اللجنوسليلوزية. أظهر

هذا جعل من الممكن الحصول على ألياف لجينوسليلوزية ذات حجم . تحطيم الكتلة الحيوية علىبيروكسيد الهيدروجين 

الموجودة في هذه الألياف الليجنوسليلوزية التي تم استخلاصها محبة للماء، مما يعني أن مجموعات الهيدروكسيل  .ميكرومتري

الألياف تتفاعل مع جزيئات الماء. غالبًا ما تؤدي الطبيعة المحبة للماء لهذه الألياف الليجنوسليلوزية إلى ضعف التوافق مع 

المصفوفات البوليمرية الكارهة للماء. لذلك يعد تعديل السطح ضروريًا لجعلها أكثر كارهة للماء ومتوافقة مع المصفوفات الكارهة 

ذا السبب، قمنا بمعالجة الألياف اللجنوسليلوزية بمادة أنهيدريد الخل، والتي تستخدم لتعديل سطح الألياف وجعلها أكثر للماء. له

 .كارهة للماء

أن الالتصاق البيني المعزز بين الألياف والمصفوفة يجعل المركبات  SEM أظهرت نتائج المجهر الإلكتروني الماسح

المعالجة أكثر صلابة وأكثر تجانساً، مما يعني أن الألياف موزعة بشكل أكثر تجانساً. تم تحسين معامل الشد وقوة الانثناء بإضافة 

،  النخيل أعناقمل تخزين مركبات ألياف النخيل غير المعالجة، بينما انخفضت قوة الشد. زاد معا أعناقمن ألياف  15-25%

أعلى معامل تخزين. يزداد معامل الفقد عندما يتم تقوية ألياف  FNA المقوى بالألياف الأسيتيل القلوي LLDPE وأظهر مركب

النخيل منخفضة في البداية ولكنها توسعت بإضافة الألياف.  أعناقللمواد المركبة المصنوعة من ألياف  tan δالنخيل. كانت  أعناق

، تكوين العديد من منتجات الأكسدة، وزيادة  IRTF للشيخوخة الطبيعية، لاحظنا، بواسطة LLDPE/PPF بعد تعريض مركبات

في السن.  ر يكون شديدًا مع تقدمبوضوح أن التدهو SEM في معدل التبلور، ومعامل يونج. علاوة على ذلك، تظهر صور

النخيل ولديها القدرة على إنشاء نوع جديد من  أعناقإلى أن المعالجات المتعاقبة تعمل على تحسين أداء ألياف  الخلاصة توصلنا

  .المواد المستدامة والصديقة للبيئة لمختلف التطبيقات

المعالجة الكيميائية، التجوية الطبيعية، النخيل، البولي إيثيلين الخطي منخفض الكثافة،  أعناقألياف  الكلمات المفتاحية:

 المورفولوجية، الميكانيكية، الميكانيكية الديناميكية.
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General Introduction 

 

 
Polymers, or plastics, have existed since the 20th century due to their remarkable properties and a 

growing demand for this class of materials. These polymers are mainly derived from fossil resources, are 

non-renewable, poorly non-biodegradable (extremely slow biodegradation kinetics), and hurt the 

environment [1]. 

Furthermore, national and international regulatory pressures aimed at reducing the harmful 

environmental impact of these plastics require substitution solutions for these polymers from 

petrochemicals. In addition to the gradual disappearance or scarcity, with the increase in the price of petrol 

in recent years, the market for polymers derived from natural resources, mainly agro-resources, has 

experienced strong development [2]. The availability, production cost, and price of these agro-resources 

have made it possible to increase the competitiveness of these biopolymers compared to polymers derived 

from fossil resources. However, the performance of these biopolymers often needs to be higher than that of 

heteropolymers [3]. 

These polymers reinforced via the incorporation of fibers, to development composite materials with 

polymer matrices, prove to be the future solution. Using natural fibers (palm fibers, hemp, bamboo, and lin) 

and mainly bio-sourced nano-reinforcements (from these natural fibers) would make it possible to preserve 

the biodegradable nature of the matrix while reinforcing it [4]. 

In the valorization of biomass waste from palm cultivation, our study will fundamentally focus on the 

extraction of fibers lignocellulosic, which can be advantageously used as reinforcements in various 

applications, as well as on their modification surface for their compatibility with hydrophobic polymers. 

The applications of these functionalized lignocellulosic as bio-sourced reinforcements in hydrophobic 

polymer composites will be practical in the future [5]. 

In recent years, various works have been carried out on the pretreatment of lignocellulosic biomass, the 

manufacturing or extraction routes of cellulose fibers from different biomasses, and chemical modification.  

However, one of the obstacles often highlighted is biocomposites' sensitivity to climatic variations 

following their exposure to external aggressions such as ultraviolet (UV) rays from the sun, heat, or high 

humidity. This sensitivity can manifest itself as a loss of mechanical strength. In addition, structural 

modifications of biocomposites can induce changes in visual appearance. Thus, a quantitative study of the 

relationships between biocomposites' structure and macroscopic properties would provide elements for 

understanding their degradation mechanisms and explain the damage caused by external factors [6, 7]. 
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The first consists of the value of agricultural waste, which is the date palms (Phoenix dactylifera L.) have 

an abundance of cellulosic fibers. Date palm trees grow in tropical and subtropical climates, making them 

the primary source of natural fibers. Both environmental variables and soil quality have an impact on their 

growth. Algeria is one of the world's largest producers of date palms, and date agriculture generates over 

200,000 tons of garbage each year [8]. For this reason, this study was undertaken to take advantage of this 

waste by developing a composite material based on linear low-density polyethylene loaded with palm 

petiole fibers. However, the major problem in this type of mixture is the interfacial incompatibility between 

the matrix and the filler. To solve this problem, These investigations were focused on various combinations 

of pretreatments on the surface of palm petiole fiber (NaOH, hydrogen peroxide, and acetic anhydride) used 

as reinforced in LLDPE composites made by a mono-screw extruder machine with a fiber loading of 15–

25% by weight. This investigation will help encourage using recycled palm petiole fiber waste and save the 

environment by substituting synthetic fiber.  

This work aims to compare the properties of raw and chemically treated petiole fibers and identify the 

best chemical treatments and good loading for improving the composite's dynamic, mechanical, and 

morphological properties. After NaOH and hydrogen peroxide treatments decrease the amount of lignin, 

acetylation is expected to result in a stronger bond between the palm petiole fibers and LLDPE, making the 

material stronger. 

The second objective aims to enrich and further deepen the results of the study of the durability of 

composite materials by studying the effects of natural aging, which will be evaluated by determining the 

physical, mechanical, and morphological properties of the exposed samples. 

 

This thesis will be divided into three parts :  

• The first part is a general review of the helpful bibliography for the project. It explores the field of 

extraction fiber and its derivatives, emphasizing the description and characterization of the constituents of 

the lignocellulosic raw material, the pretreatment processes, surface modification, and perspectives for 

improving their properties. Moreover, we will be devoted to generalities on composite materials, in which 

we will lay the foundations of this work by carrying out advanced knowledge on composite materials based 

on an organic matrix. It highlights the importance of the fiber-matrix interface of polymers reinforced by 

plant fibers. Then, we will highlight natural weathering phenomena and the mechanisms involved in aging 

these materials and their consequences on multi-scale properties. 
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• The second part corresponds to the description of the material and method, which will present 

the materials used, the experimental protocols, and the implementation processes for developing 

LLDPE/palm petiole fiber composites based on a multi-scale approach. This part will describe the 

techniques and practical methods used to characterize the materials studied and evaluate the effects of 

natural aging at different scales. 

• The third part will discuss the results of the tests on the treated and untreated fibers, discuss the 

characterization of LLDPE/Palm Petiole Fiber Composites, and address a study of the effect of natural aging 

on the properties of composites. 

In conclusion, this thesis concludes by providing a comprehensive summary of the main findings 

achieved in this study. It also emphasizes potential research opportunities that can be pursued by the author 

or other scholars in exploring aspects or dimensions of the research topic that were not addressed in the 

current research endeavor. 
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Chapter I : Fibrous Materials 

 

What are fibrous materials? 

Fibrous materials can be classified into two main types: natural and synthetic fibers. Natural fibers are 

derived from plants, animals, or minerals. Plant fibers include cotton, flax, ramie, jute, and hemp. Animal 

fibers include silk, wool, and hair. Mineral fibers include asbestos. Synthetic fibers are manufactured from 

petroleum or other synthetic materials. Regenerated fibers, such as viscose and acetate, are made from the 

plant material cellulose. Synthetic fibers, such as polyester, polyamides, and polyolefins, are made from 

petroleum. Inorganic fibers like glass and carbon fibers are made from non-carbon materials [1]. 

I.1.   Generality of lignocellulosic fibers 

Lignocellulosic fibers, prevalent in nature, exhibit biodegradability and sustainability, playing a pivotal 

role in human civilization. These fibrous materials can be naturally derived from various sources, including 

plants, leaves, seeds, bark, stems, and grasses [2].  

Plants provide us with a limitless supply of natural materials rivaling fossil fuels. Lignocellulose fiber, 

a natural material with exceptional environmental and economic benefits, is one of the most widely studied. 

However, to use it as a substitute for petroleum-based compounds, we need to thoroughly understand its 

structure, properties, and how it interacts with other materials of a different nature. Natural fibers such as 

jute, flax, hemp, sisal, hardwood, softwood, silk, wool, and many others are used as reinforcement in 

polymer matrices to enhance the composite's qualities [3]. 

I.2.   Morphology of natural cellulosic fibers 

At the macroscopic scale, cellulosic fibers all have a cell wall composed of several layers. However, 

only three of them were identified by electron microscopy: the middle lamella and two concentric walls, 

primary and secondary. The secondary wall itself consists of three layers (Fig I.1) [4]. Each cell wall layer 

consists of various polymers with different structures. The middle lamella consists mainly of lignin. The 

primary wall is a thin layer between 0.1 and 1 µm, formed by an irregular network of microfibrils. The 
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Figure I.1: Morphology of Natural Cellulosic Fibers 

middle layer of the secondary wall constitutes the central part of the cell wall and thus controls the 

mechanical properties of the fiber [5]. 

In addition to cellulose, hemicelluloses, and lignin, the chemical composition of fibers also includes 

inorganic matter, present in small proportion about the dry mass, water, air, proteins, pectins, waxes, fats, 

and resins. Microfibrils are almost flexible and attract each other with strong hydrogen bonding at molecular 

boundaries or between the faces by van der Waals force. 

 

 

 

 

 

 

 

I.3.   Lignocellulosic composition 

Lignocellulosic fibers are an organic material composed of three main elements: carbon (49%), 

hydrogen (6%), and oxygen (44%), as well as less than 1% nitrogen and inorganic elements (Na, K, Ca, 

Mg, and Si). Three families of macromolecules mainly constitute lignocellulosic materials: cellulose, 

hemicellulose, and lignin. It is impossible to define the chemical composition of fibers precisely because it 

varies with the species and nature of the fibers, the geographical location, the climate, the nature of the soil, 

and the effect of mechanical or water stress exerted during tree growth [6].  

Polysaccharides of fibers (Cellulose and hemicelluloses) are polymers that are part of the carbohydrate 

family and represent approximately 65 to 70% of the dry matter of fibers. 

• Cellulose 

Cellulose (Fig. I.2), the main component of the plant cell (mainly found in the secondary cell wall), is 

the most critical biopolymer in biomass (50%). It is a linear homopolymer whose repeating unit is 
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cellobiose, a dimer of glucose. These units are linked together by β-glucosidic bonds (1-4). Cellulose can 

be expressed by the molecular formula (C6H12O6)n, where n is the degree of polymerization (DP) and varies 

from 10,000 to 15,000 for native cellulose. 

The cellulose chains are linked by intra- and intermolecular hydrogen bridges (Fig I.2) and Van der 

Waals-type bonds. The association of numerous cellulose macromolecules allows the formation of 

elementary fibrils; an elementary fibril consists of an average of 36 chains; these elementary fibrils assemble 

into microfibrils and promote the establishment of a microcrystalline structure. This condensed fibrillar 

structure is the origin of the remarkable characteristics of cellulose [7]. 

• Hemicellulose  

Hemicelluloses are complex polysaccharides of low molecular weight (average degree of 

polymerization of 150), very hydrophilic and soluble in an alkaline medium, and mainly present at the level 

of the primary and secondary walls of the plant cell. These polysaccharides can be homopolymers or 

heteropolymers, and their structures vary according to the nature of the fibers. The monomers of 

hemicelluloses are represented in (Fig I.2). Compared to cellulose, it has an amorphous structure and 

comprises several heterogeneous combinations like mannose, glucose, and galactose linked together by b-

1,4-glycosidic and b-1,3-glycosidic bonds [8]. 

• Lignin 

Lignin is a complex amorphous aromatic polymer in all lignocellulosic materials with a three-

dimensional cross-linked structure. It is produced during photosynthesis and is often related to cellulose in 

cell walls. It remains integrated with cellulose and hemicellulose polymers, which impart high mechanical 

strength to the plant stalks. In lignocellulosic, the proportion of lignin polymers comprises 10–25% . Due 

to its complexity, it has no defined structure and may vary from one type of plant to another. It is mainly 

composed of three phenylpropane units: p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol 

(S). Lignin is formed by cross-linking the three phenylpropane units via the coupling of C-C bonds and C-

O bonds as shown in (Fig. I.2); the composition of the monomers depends on the plant species. The variety 

of components of the monomers and cross-linkage between the units make lignin heterogeneous polymers 

with cross-linked networks, high molecular weight, polydispersity, and widely varying structures [9]. 
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Figure I.2 : Lignocellulosic composition 

 

 

 

 

 

 

 

 

 

 

I.4.   Date palm 

Date palms are typically cultivated in Saharan oases, but they are also native to North Africa and 

widely cultivated in Arabia, where they form the characteristic vegetation of oases. They are also grown 

commercially in the Canary Islands, the northern Mediterranean region, and the southern United States. 

Date palms are cold-sensitive plants that can grow on any soil, provided it is fertile and well-drained. 

In regions with a mild climate, they are grown outdoors in a sunny position. There are over 2,600 species 

of palm trees, and date palms are dioecious plants, meaning they have separate male and female plants. 

The palm has a slender trunk, up to 30 meters high, which is visibly covered by the sheaths of fallen 

leaves. The leaves are pinnate, up to 6 meters long, and are gathered in a sparse apical crown of 20-30 

leaves (Fig I.3). The upper leaves are ascending, while the basal leaves are curved downward. The 

leaves are leathery, linear, rigid, and green [10]. 

Algeria is a major producer of dates, with over 160,000 hectares of palm groves and 18.6 million 

date palms. Date agriculture generates over 200,000 tonnes of garbage each year. For reinforced 

composite applications, date palm tree fibers are extracted from the palm trunk, petiole, rachis, leaflets, 

and fruit bunches [11]. 
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The date palm is a versatile tree that provides a wide range of products in addition to its edible fruit. All 

parts of the tree are used for various purposes. Modern technology and improved communication have 

expanded the use of date palm products in new industries. Date palm trees are a significant source of fiber, 

which is used in various applications. The tree's trunk can make furniture, flooring, and fences. The leaves 

can be used to weave baskets, mats, and roofs. Date palm fiber is also used in industrial products such as 

ropes, paper, and composites (Fig. I.3). In addition to its fiber, the date palm is a valuable source of other 

raw materials. The tree's sap can make sugar and vinegar. The seeds can be ground into flour or used to 

produce oil. Date palm wood is also a valuable resource used in construction and woodworking. 
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I.5.   Properties and uses of natural fibers 

A set of parameters governs the properties of these natural fibers: 

• the shape factor of the fiber 

• the degree of polymerization of the cellulose 

• the crystallinity of the cellulose 

• the orientation of the cellulose chains 

• the chemical composition of the fibers (lignin content, hemicellulose, cellulose) 

• defects 

The tensile strength and Young's modulus of natural fibers generally increase with the cellulose 

content of the fibers. The fibers can be used directly after extraction, generally by thermomechanical 

processes, or after chemical modifications to improve specific properties (hydrophobicity, 

compatibilization). The main difficulties in developing natural fibers in materials are the harvesting 

system and storage and transport problems due, in particular, to their sensitivity to degradation by micro-

organisms [12]. 

Natural fibers are historically used in textiles and for papermaking. They can thus be used alone to 

manufacture geotextiles (soil stabilization, favored germination), filters, or absorbents (activated 

carbon). In the presence of adhesive, natural fibers are found in building and furniture applications. The 

main developments concern the combination of natural fibers with other materials; cement and mainly 

thermoplastic polymers. Indeed, the current interest of industrialists in more CO2 efficient materials 

allows natural fibers to find new applications as reinforcement in organic matrices, mainly for the 

automotive and packaging fields. Good mechanical properties, low density, and low cost make natural 

fibers a material of choice for preparing organic matrix composites. However, the preparation of these 

composites could be improved. The hydrophilic nature of natural fibers compared to the use of 

predominantly hydrophobic polymers and an implementation temperature that is limited due to the risks 

of thermal degradation of natural fibers are restrictions on the use of natural fibers in composites with 

polymer matrix. Many studies are being carried out on developing composite materials from natural 

fibers, particularly on fiber-matrix compatibilization, which depends not only on the fiber used but also 

on the nature of the matrix [13]. 
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I.6.   Lignocellulose modification 

The main goal of lignocellulose pretreatment is to overcome the inherent recalcitrance of lignocellulosic 

materials, which refers to their resistance to enzymatic hydrolysis or microbial degradation. The 

pretreatment methods aim to disrupt the lignin and hemicellulose components and increase the accessibility 

of cellulose, the main polysaccharide of interest [14]. There are a number of different pretreatment methods 

that can be used, including: 

a. Mechanical treatment 

Mechanical pretreatment methods, such as dry brushing, chipping, grinding, and compression, are often 

used to break down the crystalline structure and increase the surface area of polysaccharide polymers in the 

cell wall, making them more susceptible to hydrolysis. Some mechanical pretreatment methods are also 

necessary to reduce the particle size of the material to an appropriate level before chemical or biological 

pretreatment can be applied [15].  

b. Chemical treatment 

Natural fibers are generally induced to various chemical treatments like alkali treatment, silane 

treatment, isocyanate treatment, and acetylation. To improve the interfacial performance between 

lignocellulosic fibers and polymer matrices, many technics for the chemical modification of fibers' surfaces 

have been the subject of numerous citations in the bibliography [16]. Chemical-treated fibers showed higher 

values of mechanical properties than retting extracted fibers, where the selection of chemical agents for 

treatment depends on the type of natural fiber and selected the proper concentration and time interval for 

treatment [17].  

• Alkaline pretreatment  

Mercerization is a chemical treatment that uses a fundamental solution to modify lignocellulosic 

fibers. It is one of the most widely used methods for improving the properties of these fibers. During 

mercerization, the fibers swell, and the non-cellulosic components, such as hemicellulose, lignin, 

pectins, and waxy substances, are partially or entirely removed. This leaves behind a purer cellulose 

fiber with a higher surface area. The increased surface area of the mercerized fibers makes them more 

reactive and improves their adhesion to other materials. This makes them more suitable for composite 

materials and other applications where strong fiber-matrix adhesion is essential [18]. Sodium hydroxide 
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(NaOH), potassium hydroxide (KOH), calcium hydroxide (Ca(OH)2) are generally used for alkali 

pretreatment. 

The mechanism of mercerization results in the cleavage of acetyl groups from xylan polymers, 

saponification of intermolecular ester bonds, and alteration of the lignin structure that aids the removal of 

the lignin compounds [19]. Additionally, these chemicals alter the degree of polymerization, reducing 

cellulose's crystallinity while increasing surface area [20]. Alkaline pretreatment chemicals diffuse by 

capillary action to the lumen and subsequent cell layers, reaching the middle lamella and the secondary wall 

of the LCB. The desired polysaccharides are mainly located in the secondary wall regions, while fewer 

polysaccharides are present in the middle lamella [21]. For example, (NaOH) is dissociated into (OH–) and 

(Na+) ions that attack the ester and ether linkage between lignin-hemicellulose complexes. Additionally, it 

has the ability to cleave the ester and carbon–carbon bonds in the lignin moieties (ferulic acid) [20]. Other 

alkaline conditions result in the cleavage of phenolic and non-phenolic β-aryl ether linkages that directly 

aid in the depolymerization of lignin in lignocelluloses [22]. 

It should be noted that sodium hydroxide (NaOH) is the most commonly chemical used in this type 

of treatment. The reaction involved is represented in the following Eq. (1):  

𝐶𝑒𝑙𝑙 − 𝑂𝐻 + 𝑁𝑎𝑂𝐻 → 𝐶𝑒𝑙𝑙 − 𝑂−𝑁𝑎+ + 𝐻2𝑂                         (1) 

The optimization of the parameters influencing the efficiency of this type of treatment such as the 

concentration of the solution, the temperature and the treatment time contributes to the improvement of the 

mechanical properties of the lignocellulosic fibers and the composite material [18]. 

• Oxidative pretreatment  

Oxidative pretreatment involves oxidation resulting in the cleavage of lignin and the deconstruction of 

hemicelluloses into their constituents, sugars, and organic acids [23]. The major oxidants used are oxygen, 

ozone, and hydrogen peroxide, but the mechanism for the deconstruction of biomass varies depending on 

oxidants and reaction conditions. 

For oxygen delignification, oxygen increases the reaction rate and generation of free radicals at high 

temperatures and pressure. A phenolate ion is formed when alkali and oxygen react with a phenolic hydroxyl 

group of lignin, forming a reactive intermediate called hydroperoxide. This intermediate then undergoes 

fragmentation to form lignin fragments that are mostly water-soluble. The utilization of pure oxygen can 

improve the reaction rate but with high process cost [24]. Hydrogen peroxide requires alkaline pH for the 
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production of oxidizing radicals to degrade lignin. The most favorable pH of this pretreatment is 11.5, and 

increasing or decreasing pH above or below the range of 10–12.5 will result in improper delignification, or 

it will degrade the sugar molecules. The addition of NaOH can maintain the pH. 

The chemical reactions using hydrogen peroxide as an oxidizing agent in the alkaline liquid medium 

are depicted The dissociation of hydrogen peroxide at alkaline pH generates the hydroperoxide anion 

(HOO−) through Eq. (1).  

𝐻2𝑂2 +  𝑂𝐻−  → 𝐻𝑂𝑂− + 𝐻2𝑂                        (1) 

The hydroperoxide anion can react with H2O2 in the alkaline medium, forming superoxide and 

hydroxyl radicals, as expressed in Eq. (2). 

𝐻2𝑂2 + 𝐻𝑂𝑂−  → 𝑂𝐻 
∙ + 𝑂2

  + 𝐻2𝑂                (2)        

These radicals are the most potent oxidizers that attack the aryl ether bonds and other linkages under 

these conditions Eq. (3), and others decomposed to O2 and H2O Eq. (4 and 5), influencing oxidation 

efficiency for hydrogen peroxide. The generation of other compounds is removed by oxidizing phenolic 

groups into aldehydes and carbonyl compounds [25]. 

 

                                                                                                                                                                    

(3) 

 

                 𝟐 ∙ 𝑂𝐻      →       𝐻2𝑂2                           (4)  

𝐻2𝑂2   +   ∙ 𝑂𝐻    →      𝐻2𝑂  + 𝑂2                           (5) 
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c. Chemical functionalization 

The functionalization of cellulosic substrates has been widely exploited, even before determining the 

polymeric nature of cellulose. Over the years, several ways of chemically treating lignocellulosic fibers have 

been developed, making it possible to obtain products with varied characteristics depending on the type and 

uniformity of the distribution of the substituent groups, thus opening up a wide field for the design of new 

materials. In this regard, many research teams have been particularly interested in improving the 

compatibility of cellulosic fibers with polymeric matrices through chemical modification. This treatment 

uses reagents ranging from small molecules, allowing the hydrophilic nature of the cellulosic fiber to be 

reduced, to macromolecules aimed at creating covalent bonds between the reinforcement and the matrix. 

• Acetylation 

The acetylation of polysaccharides involves replacing available hydrophilic OH groups with more 

hydrophobic acetyl groups. Today, there are numerous publications on various acetylation methods, 

resulting in various degrees of substitution and pattern [26]. The most basic reaction to achieve acetylated 

celluloses is still based on acetic anhydride as the reagent. Different reaction conditions can be used 

depending on the targeted degree of substitution. In this case, the primary reaction mechanism starts with a 

nucleophilic attack of the lone electron pair of the alcoholic sugar OH group on the carbonyl carbon atom 

of the acetic acid anhydride molecule. Due to the consequent split-off of acetic acid, acetylated 

carbohydrates are formed. This reaction is often performed with acid or base catalysis to the following 

reaction Eq. (1) [27]: 

During acetylation of natural fibers, esterification occurs by reacting acetyl groups (CH3CO-) with 

hydroxyl groups (OH) on the fibers resulting in increased hydrophobicity. This has been shown to improve 

interfacial bonding, tensile and flexural strength, stiffness, and dimensional and thermal stability. However, 

over-treatment has been seen to be deleterious to mechanical properties, assumed to be due to the 

degradation of cellulose and cracking of fibers known to occur with the catalysts used in this process. 

Acetylation treatment has also been found to reduce the impact strength of the composite. Commonly 

acetylation is preceded by an alkaline treatment [18, 28, 29]. 
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d. Pretreatment combination 

Most pretreatment processes can only partially weaken the factors that limit the hydrolysis of 

lignocellulosic materials. Thus, combined pretreatment processes are seen as a means of maximizing or 

improving their digestibility. Concerning the pretreatments described above, we can see that each 

pretreatment taken individually has a particularly effective action on the lignocellulosic biomass, such as 

the elimination of hemicelluloses (alkaline pretreatment), the elimination of lignins (oxidative 

delignification), or the increase of accessible surface or pore volume (grinding). The main effects of these 

pretreatment processes on the chemical compositions and structures of lignocellulosic materials are 

summarised and illustrated in Table I.1. [30].  
 

 Table I.1: Effects of different pretreatment processes on the compositions and structures of 

lignocellulosic materials 

H: high effect; M: medium effect; F: low effect 

Processes Elimination 

of lignin 

Elimination of 

hemicelluloses 

Increase of 

area surface 

Cristallisation of 

cellulose 

Increase the 

volume of pores 

Crusher - - H H - 

Alkaline H H H - H 

Acid M H H - M 

Oxidation H - - - F 
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These pretreatments can be combined to improve the digestibility of lignocellulosic materials and 

facilitate the recovery of lignin and hemicelluloses to produce products with high added value. So far, 

alkaline pretreatments remain the most attractive and cost-effective method for removing lignin and 

hemicelluloses from lignocellulosic materials. 
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Chapter II : Composite Materials 

 

What is the composite materials ? 

A composite material is defined as an assembly of at least two immiscible constituents, each with high 

adaptability. The respective qualities of the constituents complement each other to form a material with 

improved mechanical, thermal, and physicochemical performance. It is possible to modulate the properties 

of a composite according to a specified need. The adaptability of these materials makes them a significant 

asset and places them in a competitive position with traditional materials (metals, alloys) [1]. 

II.1.   Generality of composite materials 

A composite material consists of a reinforcement and a binder, commonly called a matrix. The 

reinforcement, as its name suggests, will ensure the mechanical strength of the composite. The matrix 

ensures cohesion between the different elements and manages the flow of forces while guaranteeing 

resistance to the environment and temperature. Different types of composite materials depend on the chosen 

reinforcement or matrix couple [2]. Among the fibrous reinforcements commonly used, we can mention: 

- Glass fibers are currently the most widely used. 

- Carbon fibers are used for structural applications. 

- Aramid fibers are used for more targeted applications, such as ballistic protection. 

- natural fibers are rapidly emerging due to their low cost and positive environmental impact. 

There are also different types of matrices, and there are three main families: organic matrices, ceramic 

matrices, and metallic matrices. Among the organic matrices, three categories of polymers can be used: 

- Thermoplastic polymers. 

- Thermosetting polymers. 

- Elastomers. 
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The significant diversity of reinforcement and matrix makes it possible to shape composite materials 

according to the expressed need. Improving the physicomechanical characteristics of these materials is one 

of the keys to their industrial development [3]. 

II.2.   Bio-composite materials 

In recent years, research on developing new materials with high performance and affordable cost has 

been expanding. With the emancipation of environmental consciousness, this research has mainly focused 

on environmentally friendly materials, the terms "renewable," "recyclable," and "sustainable" are in tune 

with the times. This highlights the emergence of a new type of material, renewable and easily degradable, 

biocomposites. 

A material will be "bio-composite" if it has at least one biodegradable element among its matrix and 

reinforcement. We will therefore make the difference between a fully biodegradable bio-composite material, 

consisting of a biodegradable reinforcement and a biodegradable matrix, and a partially biodegradable 

composite, having either a biodegradable matrix or a biodegradable reinforcement. Therefore, two critical 

themes emerge on bio-composite materials; the first aims to develop 100% biodegradable materials, while 

the second is interested in replacing synthetic reinforcements with natural fibers [4]. 

The development of fully biodegradable composite materials can be achieved by using cellulose fibers 

or starch as reinforcement and biodegradable polymer matrices such as polylactic acid (PLA) or 

polyhydroxy butyrate (PHB). These composites have the advantage of being environmentally friendly, 

durable, and biodegradable. At the end of the cycle, they can be recycled or composted without causing 

environmental toxicity. In general, adding fibers makes it possible to significantly increase the rigidity of 

the composite and its mechanical resistance. These composites are beginning to be used in the automotive 

field to make floor mats and canvas roofs. 

The second central research theme applied to bio-composite materials concerns the replacement of 

synthetic fibers used as reinforcement for composite materials. Despite their excellent mechanical 

properties, synthetic fibers have several significant drawbacks. We can cite, for example, glass fibers, their 

non-recyclable nature, which requires their incineration at the end of their life. Glass fibers are also very 

irritating to the respiratory tract, hence the need for significant precautions when handling them. Finally, 

their abrasive nature leads to premature equipment wear, resulting in frequent replacement of the latter. 

Cellulose fibers are excellent candidates for replacing glass fibers because of their natural origin and 
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Figure II.1 :Representation of the macromolecular of polyethylene chain 

desirable strength/weight ratio. However, using cellulose fibers leads to composites that are dark in color 

and sensitive to humidity, representing a significant obstacle to their development on an industrial scale [5]. 

II.3.   Polyethylenes (PE) 

As part of this project, we were particularly interested in thermoplastic matrices and, more specifically, 

in polyethylenes. PE is a generic name used to describe polyolefins resulting from the polymerization of 

ethylene (C2H4)n where n is the number of repeat units, leading to macromolecules composed by the 

repetition of the motif (CH2), (Fig II.1). 

 

 

In 2008, the quantity of synthetic plastics produced was 245 million tons. Polyethylene alone accounts 

for a quarter of this production due to its low manufacturing cost and good physical and mechanical 

properties. In addition, this polymer generally allows easy shaping, such as extrusion or injection. It also 

has excellent electrical insulation, impact resistance properties, and outstanding chemical and biological 

inertness (food contact). These are the most commonly used polymers to manufacture plastic bags, 

packaging bottles, and toys. There are many types, but these are generally classified into two large families, 

which are defined according to their density [6]. The (table II.1) below presents the main characteristics of 

polyethylene [7]. 

Table II.1: Principal properties of polyethylenes 

Properties Density 

(g/cm3 ) 

Crystallinity 

(%) 

Melting 

(°C) 

Stress 

(MPa) 

Elongation 

(%) 

Impact 

resistance 

(J/m) 

Elastic 

modulus 

(MPa) 

shore 

D 

HDPE 0.941-0.965 ± 86 ± 132 18 20 - 100 27 - 160 960 - 

1000 

63-67 

Typical chain branching  

LDPE 0.910-0.925 ± 35 100-115 7 - 17 100 - 700 0.67 - 21 102 - 240 41- 46 

Typical chain branching  
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LLDPE 0.919-0.925 ± 53 ±124 14-21 200-1200 - 100-200 50- 56 

Typical chain branching  

 

II.4.   Cellulose fiber-reinforced composite materials 

Composite materials prepared using natural fibers are popular scientifically, ecologically, and socially. 

Indeed, as many renewable materials come from agricultural production, this is a vector of non-food 

economic development for the rural areas of developing countries. During the 20th century, the emergence 

of synthetic polymers based on petroleum-derived raw materials relegated natural polymers to a spectator 

role. However, over the past two decades, increasing attention has again been paid to the use of these 

compounds for various reasons: 

- The desire to reduce the environmental impact. 

- The limited quantity of petroleum sources decreases dependence on petroleum products. 

- The improvement of databases concerning the properties and morphologies of natural materials. 

Cellulose fibers have unique advantages such as abundance, non-toxicity, non-irritability, and non-

corrosive properties for equipment, in addition to a renewable character. Composites using cellulose fibers 

as reinforcement have received much attention because of their potential to serve as an alternative to 

synthetic reinforcements. Cellulose fibers have a lower cost and lower production energy than glass fibers 

or carbon fibers. In addition, the lower weight (20 to 30% of the total mass) and the greater volume of 

cellulosic fibers compared to synthetic fibers offer a desirable strength-to-weight ratio. In the automotive 

industry, using composite materials based on cellulose fibers makes it possible, in particular, to reduce the 

quantity of non-renewable energy and polluting emissions while reducing the fuel consumption of vehicles. 

Cellulose fibers, therefore, have several properties superior to those of synthetic fibers, which arouses the 

interest of researchers, as evidenced by the number of publications in recent years on composites reinforced 

with cellulose fibers. Replacing synthetic fibers with natural fibers is more relevant than ever. Biobased 

composite materials can compete with petroleum-based products and obtain marketplaces currently 

dominated by them [8, 9]. 
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II.5. Properties of cellulose fiber-reinforced composites 

Different parameters govern the properties of composites based on cellulose fibers: the aspect ratio of 

the fibers, their volume fraction, their orientation, their dispersion, and the fiber/matrix adhesion. Each of 

these parameters will have a direct link to the performance of the composite, so it is essential to understand 

these mechanisms to maximize their effects fully. 

a. Fiber aspect ratio 

The mechanical strength of composites depends on how well the stress is distributed throughout the 

material. The matrix is the first to be affected when a composite is stressed. It then transfers the focus to the 

reinforcement. The more efficiently the stress is transferred from the matrix to the reinforcement, the better 

the mechanical properties of the composite will be. Maximizing the fiber/matrix interactions and improving 

the adhesion quality between the two are necessary to optimize stress distribution. It has been shown that 

the higher the aspect ratio (length/diameter) of the fibers, the better the transfer of stress flows within the 

composite material. Cellulose fibers have an excellent aspect ratio and a large specific surface area, making 

them an effective reinforcement for composites [8]. 

b. Fiber volume fraction 

The volume fraction of fibers is a crucial factor in determining the mechanical properties of a composite 

material. As a general rule, higher fiber content results in better mechanical properties. However, the length 

of the fibers must also be considered. Using tiny fibers to maintain a high volume fraction increases the 

number of fiber ends, which can weaken the composite. Conversely, using too-long fibers (i.e., > 9–10 mm) 

can cause them to fold and roll up on themselves during mixing, weakening the composite. In all cases, an 

excessive volume fraction of fibers will deteriorate the mechanical properties of the composite. Beyond a 

specific value, the fibers tend to agglomerate, resulting in poor dispersion. The choice of formulation route 

is also essential, especially when the fiber content is high. The shearing forces induced during mixing must 

be sufficiently high and repeated to allow optimal mixing of the various constituents [10]. 

c. Fiber orientation 

Fiber orientation has a significant effect on the mechanical properties of composite materials. Indeed, it 

is reported that Young's modulus and the tensile strength of materials decrease according to the degree of 

orientation of the fibers. Cellulose fibers have significant lengthwise strength. This is much lower in the 
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other directions, hence the need to align the fibers as much as possible lengthwise when formulating 

composites. 

d. Fiber dispersion 

Cellulose fiber dispersion in polymer matrices is crucial. Due to their polar nature, cellulose fibers 

clump together when mixed with apolar matrices. This creates uneven composites with areas rich in 

cellulose fibers and others rich in matrix, which harms performance. Therefore, good cellulose fiber 

dispersion is essential. Fibers must be well-separated and coated by the matrix. Fiber-to-fiber interactions, 

such as hydrogen bonding and fiber length, directly affect fiber dispersion. Longer fibers and stronger fiber-

fiber interactions cause fibers to entangle and clump together. The choice of formulation is essential to 

limiting this phenomenon. Higher shear forces and mixing times improve dispersion. Classically, mono or 

twin-screw extruders provide the best results. Physicochemical treatments and chemical modifications of 

cellulose fibers are also effective and commonly used methods [11]. 

e. Fiber/matrix interface adhesion 

Cellulose fiber-reinforced composites rely on strong fiber/matrix adhesion for their mechanical 

properties. Good fiber/matrix adhesion improves stress transfer within the composite. Cellulose fibers are 

polar and hydrophilic, while thermoplastic matrices such as polyethylene are apolar and hydrophobic. This 

incompatibility weakens the fiber/matrix interface. To improve fiber/matrix adhesion, surface treatments 

can be used to modify the surface energy of the fibers. Another approach is to add a coupling agent with 

intermediate properties to the two phases [12]. 

f. Fibers type 

The type of fiber used in a composite material significantly impacts all of the parameters mentioned 

previously, such as the aspect ratio, orientation, dispersion, and fiber adhesion. This is because the intrinsic 

properties of the fiber, such as its mechanical properties, composition, water content, and dimensions, all 

play a decisive role in the performance of the composite material. As a result, the nature of the fibers used 

determines the physico-mechanical properties of the composite material (Table II.2.) [13]. 
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Table II.2: Physico-mechanical properties of several natural fibers 

Fiber Tensile strength 

(MPa) 

Young's modulus 

(GPa) 

Elongation at 

break (%) 

Density (g/cm3) 

Abaca 400 12 3-10 1,5 

Bagasse 290 17 - 1,25 

Bamboo 140-230 11-17 - 0,6-1,1 

Linen 345-1035 27,6 2,7-3,2 1,5 

Hemp 690 70 1,6 1,48 

Jute 393-773 26,5 1,5-1,8 1,3 

Kenaf 930 53 1,6 - 

Sisal 511-635 9,4-22 2,0-2,5 1,5 

Ramie 560 24,5 2,5 1,5 

Palm 248 3,2 25 0,7-1,55 

Ananas 400-627 1,44 14,5 0,8-1,6 

Coconut 175 4-6 30 1,2 

Curaua 500-1150 11,8 3,7-4,3 1,4 

 

II.6.   Processes for composite materials 

Different formulation methods can be used. These operations will allow the assembly of the different 

phases to obtain the most homogeneous material possible. During the development of composite materials 

based on cellulose fibers, the low dispersion of the fibers within the matrix does not allow for obtaining 

perfectly homogeneous materials. The choice of the formulation route and the operating conditions will 

directly impact the mechanical properties of the composite produced [14]. 

a. Extrusion and injection molding 

Extrusion and injection molding are the main techniques used in plastic processing. Extrusion is the 

transformation of a thermoplastic material (powder or granulate) into a continuous product with a given 

profile by forcing through a die of said material previously softened by heat. The different constituents are 

introduced at one end of the extruder, mixed, and forced by one or more rotating screws through the 

gradually heated tooling. A hot and deformable extrusion emerges at the other end, which must be 

maintained and cooled during its final shaping. The production of composites reinforced with cellulose 

fibers by extrusion makes it possible to optimize the mixing of the reinforcement within the matrix while 

mainly orienting the fibers in the direction of the length. Injection molding makes obtaining the material in 

the desired shape possible. The assembly can be connected to the outlet of the extruder in order to directly 

inject the hot extrudate inside the heated mold without having to cool it. 
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b. Compression molding 

Compression molding makes it possible to obtain parts by deformation and distribution of the material 

between two molds. This method is widely used on an industrial scale due to its high reproducibility and 

the short time required for its implementation. A mixing step can be carried out beforehand to optimize the 

composite's homogeneity; an extruder or a hot roller mixer is required. 
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Chapter III : Degradation Of Biocomposite 

 

III.1.   Degradation of biocomposites 

The behavior of biobased composites in the face of various environmental and microbiological 

aggressions is treated. It is, therefore, essential to first recall the notion of durability applied to composite 

materials. Defines the lifetime of a material as "the time during which the material, or more precisely one 

of its properties, will maintain its functionality under well-defined conditions." In the case of composites, 

the author specifies that "aging can act on each of the constituents individually or in combination, but also 

at the interface between the fibers and the matrix, which is very often a privileged place of degradation." 

Assessing the behavior of biobased composites over time also requires addressing the issue of their 

colonization by microorganisms. Colonization can lead to changes in the material's chemical, physical or 

mechanical properties, grouped under the terms "biodegradation" and "biodeterioration."Depending on the 

medium, aging can act on the fibers, matrix, and interface [1]. 

III.2.   Natural weathering 

The aging carried out in the laboratory does not make it possible to simulate all the external parameters 

likely to alter the properties of the biocomposites during their life cycle. Indeed, acid rain, external pollution, 

or the development of bacteria can catalyze the kinetics of degradation (Fig III.1). As a result, natural aging 

is more reliable in representing actual conditions. However, this type of aging needs to be reported in the 

literature [2, 3]. Indeed, a very long exposure time is often necessary to detect an effective degradation of 

the material.  

Furthermore, it can be noted that work on the exterior aging of biocomposites mainly includes surface 

properties such as chemical composition and visual appearance (color, gloss). Among these studies, many 

concern the behavior of composite materials in the outdoor environment, which their main outdoor 

application can explain. Most polymers exposed to the exterior are susceptible to degradation due to 

temperature, solar radiation, humidity, rain, oxygen in the air, and atmospheric pollutants [4-6]. The 

consequences of such degradation are reduced mechanical properties, discoloration, embrittlement, and 

erosion of the material's surface. 
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Figure III.1 : Diagram of natural weathering conditions 

 

 

 

 

 

 

 

 

The study of the natural aging of HDPE composites 50% by weight of wood flour for 2000 h was carried 

out by Nicole M. Stark et al [7]. The results indicate that the surface oxidation produced immediately after 

exposure to the composites is greater than that of virgin HDPE. This suggests that adding wood flour to the 

HDPE matrix accelerates oxidation. The results also show that pure HDPE can undergo cross-linking in the 

initial stages of aging; the wood flour in the composite can impair the physical ability of HDPE to cross-

link, which carries the risk of causing chain scissions of the HDPE. Calculations of oxidized and non-

oxidized carbon content show that HDPE/FB composites experienced a dramatic increase in oxidized 

carbon content compared to virgin HDPE (80% versus 5%, respectively). This proves the detrimental effect 

of adding wood to the HDPE matrix, which effectively increases composite samples' surface oxidation after 

weathering exposure. 

By FTIR spectroscopy, the study's results showed an increase in the carbonyl index due to increased 

scission reactions of the polymer chains. The vinyl index remained constant after 250 h of exposure; after 

that, it grew until 1000 h, then reached a plateau for all samples. The concentration of vinyl groups was 

much higher for virgin HDPE than for HDPE/FB composites, suggesting that vinyl formation occurs mainly 

in the composite's polymer component [8]. 

HDPE composites reinforced with 60 wt% bamboo fiber compression molded showed a higher 

crystallinity rate than in the unaged state, even after three years of exposure in Taichung (Taiwan) [9]. This 

is due to stabilizing the crystallinity rate after four months of increase, after which the proportion of the 

crystalline phase was certainly unaffected. The degradation was indeed manifested by cross-linking of the 
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Figure III.2: Wavelength of irradiation waves and UV aging of polymer biocomposites 

macromolecular chains of the PE. Furthermore, the artificial aging carried out in enclosures can be 

correlated with natural aging. Variations in visual appearance, such as color, can, in particular, be monitored 

to compare the degradation mechanisms involved during the two types of aging to assess the 

representativeness of natural aging conditions in enclosures [10]. 

III.2.1.   Visual changes due to natural weathering 

The fatigue resistance of composites reinforced with natural fibers is predominantly affected by 

weathering conditions, specifically ultraviolet radiation. UV irradiation can significantly alter the physical 

and chemical properties of a substance. Therefore, material selection is significant. UV aging is caused 

primarily by solar radiation and less frequently by UV light generated artificially. UV irradiation can cause 

surface discoloration and molecular deterioration in composites; these reactions are photolysis, photo-

oxidation, and photocatalysis. Photoaging diminishes the mechanical performance of composites due to the 

material's chain scission after protracted radiation exposure. In such instances, UV stabilizers are frequently 

applied during manufacturing to increase composites' durability. Fig III.2 depicts the wavelength of UV 

irradiation and photooxidative senescence on polymer biocomposites [11]. 
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Figure III.3 : Moisture absorption effect on the fiber-matrix interface 

III.2.2.   Process of water absorption by composites 

Contact between a hydrophilic material and water molecules leads to water absorption by the surfaces 

and then in the fabric volume according to the diffusion laws. According to various authors, the diffusion 

of water in bio-sourced composites with an organic matrix is governed by different and successive 

mechanisms, as shown in Fig III.3 [12].  

 Water molecules can penetrate fiber by capillary action between the polymer chains of the fiber and at 

the fiber/matrix interface. This is often due to poor adhesion during the composite processing steps. The 

water molecules then form hydrogen bonds with the hydroxyl groups of cellulose and hemicelluloses. The 

water molecules then diffuse at the interface and into the matrix. Some fiber components can also be 

hydrolyzed at this level, leading to decohesion at the fiber/matrix interface. This can reduce the functional 

properties of the composite [13]. Fibers are susceptible to humid environments due to the numerous 

hydroxyl groups in the molecules constituting them. The hydroxyl groups of the fibers can absorb water 

directly or indirectly. Directly, the water molecules would be easily absorbed by the hydroxyls present on 

the surface of the fibers or the hydroxyls of the amorphous zones. This "free" water would quickly evaporate. 

Water molecules would also be absorbed on the inner surface of the voids. They could thereby be trapped 

and bound to the fiber skeleton. These water molecules would be inserted between the cellulose chains, thus 

promoting their sliding relative to each other and causing the fibers to swell. This "bound" water corresponds 

to slower absorption and desorption processes than "free" water. In addition, other water molecules can also 

combine with the water already bound to the fiber (Fig III.3.). The hygroscopic behavior varies from 

component to component for compounds such as hemicelluloses, lignin, and pectins. Hemicelluloses are 

very hydrophilic due to their many hydroxyl groups and long branched chains, in which water can more 

easily diffuse; lignin is less hydrophilic, allowing it to exert a water barrier effect [14]. 
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Figure III.4 : Schematic diagram illustrating the controlling factors contributing to the natural 

weathering of Biocomposites 

III.2.3.   Effect of natural weathering on composite structure 

Surface roughness and bulk macrostructure are essential factors in determining the durability of 

biocomposites under natural weathering conditions. In addition to the aesthetic changes outlined in (Fig. 

III.4), natural weathering exposure significantly degrades the surface of entirely biodegradable composites, 

regardless of the polymer matrix or fiber combination. Moisture is absorbed from rainfall through the 

surface of the composite, primarily through the hygroscopic fibers. The diffusion of moisture into the 

polymer matrix is then prolonged. In simpler terms, the surface of biocomposites is severely damaged when 

exposed to natural weathering, such as rainfall and sunlight. Biocomposites are hygroscopic, meaning they 

absorb moisture from the air. The moisture then diffuses into the polymer matrix, which can lead to the 

degradation of the composite. [6, 15]. 

 

 

 

 

 

 

 

 

 

 

 

III.2.4.   Effect of natural weathering on thermal properties 

The thermal properties of biopolymers are altered by natural weathering, specifically the crystallization 

of semi-crystalline polymers. In composites, natural fibers promote crystal growth of the polymer matrix, 

resulting in increased crystallinity and fewer crystal globules. Therefore, these filaments can affect the 

thermal properties of the deterioration process. When composites are exposed to such environmental 

conditions, their mechanical performance degrades due to chain scission, molecular weight reduction, and 
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embrittlement. Composite fatigue efficacy is affected by the type of resin, fiber, and fiber content [16, 17]. 

analyzed the strong relationship between time and temperature in composite fatigue performance in order 

to develop a streamlined testing procedure. The arrangement of molecular chains, filler–matrix interfacial 

adhesion, activation energy, degree of crystallinity, and enthalpic relaxation are modified by thermal aging. 

III.2.5.   Effect of natural weathering on mechanical properties 

The capacity of materials to withstand natural outdoor degradation is one of the essential factors to 

consider when evaluating the durability of biocomposites for outdoor applications. Mechanical degradation 

occurs when composites are subjected to constant dynamic and static loads.  Typically, pigment variations 

are observed due to the aging of materials. In addition, aging causes brittleness due to chain scission and 

crosslinking; increasing mechanical modulus is a creep;  "plastic deformation of a material over specified 

duration." The effect of creep on composites is not solely dependent on stress level or duration but also 

depends significantly on composition type [18]. 
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Figure I.2: Resin Linear low-density polyethylene (LLDPE) 

 

Chapter I : Materials and Methods 

 

I.1.   Materials 

I.1.1.   Vegetable fibers 

Palm petiole fibers (PPF) were gathered through the yearly pruning process of date palm trees (Fig I.1) 

in the oasis of Biskra (south of Algeria).  

 

 

 

 

 

 

 

 

Figure I.1: Palm petiole fibers (PPF) 

  

I.1.2.   Resin Linear low-density polyethylene 

Linear low-density polyethylene resin type (LLDPE 3505 U) used as a matrix was purchased from the 

Plastic & Consultations Center (Alamirya Alexandria, Egypt). According to the manufacturer, this resin can 

be used in an extrusion machine or a rotational molding machine. LLDPE 3505 U is known to be a white 

powder with a particle size of 500 m (Fig I.2.), an actual density of 0.935 g/cm3, a bulk density of 0.37 

g/cm3, and a melting flow rate of 5 g/10 min (129 °C, 2.16 kg) according to ISO 1872/1 and ASTM D 1895, 

ISO 1133, respectively. 
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Figure I.3 : Preparation of petiole fiber 

I.2.   Methods 

I.2.1.   Preparation of petiole fiber 

The palm petiole was wash with cold water to remove impurities soluble in cold water, rinse with hot 

water to remove impurities soluble in hot water, and dry in the air for four days. The petiole was ground 

using an electric mill and sieving to 250 µm as shown in fig I.3. 

 

 

 

 

 

 

 

 

 

 

 

I.2.2.   Chemical modification of palm petiole fibers  

In This study, the petiole fibers (PF) were treated with three successive chemical treatments as shown 

in Fig. I.4. 

 

Figure I.4 : Schematic diagram illustrating the chemical modification of palm petiole fibers 

 

a. 1st Treatment: Alkaline  

The first treatment is carried out by an alkaline solution, which means intending to extract the maximum 

amount of hemicellulose and a part of the lignin, the pectins, waxy substances, and natural impurities 

covering the external surface of the wall of the fiber. The sample is placed in a beaker containing 1L of a 

10% soda solution for 72 hours. The whole takes on a dark brown color very quickly. After 72 hours of 

treatment, the fibers are rinsed several times with distilled water containing 10-2 mol/l of hydrochloric acid 
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Figure I.5 : Schematic diagram illustrating the first treatment of petiole fibers with a 10% alkaline solution 

Figure I.6 : Schematic diagram illustrating the secondary treatment of petiole fibers  

with a 2.5% hydrogen peroxide solution 

HCl to neutralize the excess sodium hydroxide, as shown in Fig I.5. They are finally washed with distilled 

water until they have a neutral pH. The fibers are then placed in an oven at 80°C for 24 hours. 

 

 

 

 

 

 

 

 

 

b. 2nd Treatment: Hydrogen peroxide 

Secondary treatment has as its primary objective the elimination of lignin and hemicellulose remaining 

at the end of the immediate treatment. At the same time, The bleaching of fibers using hydrogen peroxide 

in an alkaline medium because it allows for obtaining the highest level of whiteness. 

The fiber obtained after extraction with soda has a brown color,  due to chromophore groups (unsaturated 

or conjugated bonds). During bleaching, proteins and phenolic molecules are oxidized, solubilized, and 

removed by filtration. This treatment was carried out in a buffered medium at 25°C to avoid significant 

degradation of the cellulose. The fibers were bleached at room temperature with hydrogen peroxide (2.5%) 

and sodium hydroxide at a high pH of 11.5. After 72 hours of treatment, the fibers are filtered and washed 

with plenty of water until the medium is neutralized. In the end, the fibers are then placed in an oven at 80°C 

for 24 hours as shown in Fig I.6. 
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Figure I.7 : A schematic diagram illustrates the treatment of NaOH-petiole fibers modified 

with a 10% acetic anhydride solution. 

Figure I.8 : A schematic diagram illustrates the treatment of (NaOH/H2O2)-petiole fibers modified 

with a 10% acetic anhydride solution 

c. 3rd Treatment: Acetylation 

The third treatment aims to replace available hydrophilic OH groups of cellulose extracted with 

hydrophobic acetyl groups. The sample previously extracted with NaOH and H2O2 was acetylated by acetic 

anhydride in bulk and under the catalytic action of sulfuric acid. The reagent/catalyst ratio used in the present 

study was proposed by Olaru et al. [1]. Acetic anhydride (10%) was mixed manually with sulfuric acid (5 

ml) in a wide-diameter beaker. After adding 100 g of fiber to the reaction medium, the beaker was covered 

with an aluminum film to minimize the hydrolysis of the acetic anhydride under the effect of the surrounding 

humidity. The acetylation was carried out at room temperature for 72 h. At the end of the reaction, the fibers 

underwent a series of washings and filtrations with demineralized water until neutral pH. After washing, the 

modified fibers were dried at 80° C for 24 hours as shown in Fig I.7 and I.8. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fibers samples were referred to by the method of modification they had been subjected to:  

• FU: unmodified fibers. 

• FN: NaOH-modified fibers. 

• FNH: 1-NaOH, 2-hydrogen peroxide-modified fibers. 
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Figure I.9 : Mechanical modification of petiole fiber 

• FNA: 1-NaOH, 2-acetic anhydride-modified fibers. 

• FNHA: 1-NaOH, 2-hydrogen peroxide, 3-acetic anhydride-modified fibers. 

 

I.2.3.   Mechanical modification of petiole fiber  

The humidity character of the fibers leads to the formation of agglomerations during mixing in the 

molten state with the granules of the thermoplastic matrix by a mono-screw extruder, where the 

agglomerates are considered breaking points that cause the embrittlement of the composite plates. The 

objective of mechanical treatment is to reduce the petiole's size and eliminate the bulky fibers using a 

succession of increasingly fine grids. The dried fibers were crushed into smaller sizes by the mortar grinder 

(Make: Retsch, Model: RM 200, Germany) and sieved to a granulometry of 38 μm by the sieve shaker 

(Make: Retsch, Model: AS 200, Germany) as shown in Fig. I.9. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

I.2.4.   Elaboration of composites 

a. Extrusion of Linear low-density polyethylene/Petiole fibers 

The different mass proportions of each of the powders of Linear low-density polyethylene and the 

petiole fibers that go into each formulation have been mixed for about 10 minutes to ensure that the 

maximum possible homogeneous mixtures are obtained and where the LLDPE/palm petiole fibers 

composite was prepared with different formulations listed in Table I.1, with a co-rotating mono-screw 
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extruder machine (Make: Thermo Scientific, Model: Polylab QC, Germany) equipped with four heating 

zones. 

Table I.1: Composition of the different formulations 

Formulation Composition % 

LLDPE Fibers 

LLDPE 100 0 

LLDPE/FU 15% 85 15 

LLDPE/FU 25% 75 25 

LLDPE/FN 15% 85 15 

LLDPE/FN 25% 75 25 

LLDPE/FNH 15% 85 15 

LLDPE/FNH 25% 75 25 

LLDPE/FNA 15% 85 15 

LLDPE/FNA 25% 75 25 

LLDPE/FNHA 15% 85 15 

LLDPE/FNHA 25% 75 25 

 

Initially, the cylinder of the extruder must be cleaned with polyethylene, and the screw speed of the 

cylinder is adjusted to 2 rpm; the temperature of four zones was set at 100, 120, 125, and 130 °C along the 

extruder. Then, The material moves along the screw; it's exposed to heat generated by external heaters or 

internal heating elements within the barrel. The heat softens and melts the material, converting it into a 

dense molten state. The rotation of the screw also helps to mix and homogenize the molten material, ensuring 

uniform composition.  

As the material progresses along the screw, it enters the compression zone. Here, the channel depth of 

the screw decreases, leading to increased pressure within the barrel. This pressure buildup helps to refine 

the material's homogeneity and eliminate air bubbles. Depending on the desired product, the extruder may 

be equipped with various types of dies, including round or flat. The molten material passes through the 

mold, which shapes it into the desired form. Cooling systems may rapidly cool and solidify the extruded 

material as it exits the mold. Cutting mechanisms such as rotating blades or guillotine cutters are employed 

at the exit of the mold. This step ensures consistent product dimensions as shown in Fig I.10. 
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Figure I.10 : Mono-screw extruder machine (Model Polylab QC) 

Figure I.11 : Hydraulic press Schwabenthan polystat (Model 300S) 

 

 

 

 

 

  

 

 

 

 

 

 

 

b. Compression molding 

The extruded composites were compressed with a hydraulic press machine (Make: schwabenthan 

polystat, Model: 300S, Germany), Fig I.11. The press is turned on and left in a warm-up state until its 

temperature reaches 140°C. The small pieces obtained are placed in a mold between two sheets of aluminum 

under the following conditions: 

The temperature is 140° C, under a pressure of 300 bars and for a residence time of 3 min and the plates 

require 50g weight for each mix. A preheating is carried out until a preliminary melting of the mixture to 

avoid the presence of air bubbles; a degassing is carried out before applying the final pressure.  
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Figure I.12 : Experimental set-up for neat LLDPE, treated and untreated composites on 

natural weathering test 

I.2.5.   Natural weathering test 

This test was carried out for 12 months by direct exposure of LLDPE/PPF composite to natural 

weathering. The specimens were suspended in an iron wire facing the sun, as shown in Fig I.12.  

The weather condition data were collected from May 2021 to April 2022 in Biskra, Algeria, and are 

summarized in Table I.2. The average temperature range was 26.16667 °C, the average relative humidity 

was 42.5 %, the total rainfall was 1.391667 mm, and the entire duration of sunlight was 282.6083 h. The 

composite samples were referred after natural weathering with : 

- LLDPEw, LLDPE/FUw, LLDPE/FNw, LLDPE/FNHw, LLDPE/FNAw and  LLDPE/FNHAw 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table I.2: The weather condition data from May 2021 to April 2022 in Biskra, Algeria 

Month May June July Aug Sept Oct Nov Dec Janu Feb Mar Apr 

T (°C) 27 31 37 36 33 32 36 15 11 14 17 25 

Humidity 

% 

45 40 35 30 35 40 45 50 55 50 45 40 

UV 

indice 

5-10 10-11 11-12 12-13 11-12 10-11 8-10 6-8 4-6 5-7 6-8 6-10 

Sunlight 

(h) 

322.5 348.3 362.9 354.1 314.2 279.2 239.2 206.6 201.8 217.9 250.1 294.5 

Rainfall 

(mm) 

1.2 0.1 0.1 1.5 1.7 1.9 1.8 1.3 3.2 1.2 1.2 1.5 
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Figure II.1 : Principle of PerkinElmer Spectrum Two with an ATR-FTIR unit 

 

 

 

Chapter II : Techniques of Characterization 
 

To demonstrate the chemical modification of the palm petiole fibers and the performance of the 

composite materials developed, different tests were used, namely: 

II.1.   Fourier Transform Infrared Spectrometry (FTIR) 

An infrared spectrometer makes it possible to know the chemical nature of a product by identifying 

specific absorption bands present on the spectrum. Each absorption band corresponds to a chemical bond 

vibration pattern between two atoms. It provides information about the molecular structure of a particular 

compound by detecting the presence of functional groups in that compound [1]. We acquired the infrared 

spectra with a PerkinElmer Spectrum Two with an ATR-FTIR unit, (Fig II.1.) although several IR is 

available, the most common ones are made of synthetic diamonds. Diamond is both chemically inert and 

IR-transparent but is also complex and, as a result, can withstand high pressures. At the diamond sample 

interface, the IR light penetrates the sample only a few micrometers and analyzes the characteristic peaks 

of palm petiole fibers before and after treatments. The fiber was placed on a diamond crystal with a 

resolution of 2 cm−1 and analyzed in a spectral range of 400–4000 cm−1. 
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Figure II.2 : Principle of Thermo Scientific Quanta SEM Prisma E electron microscope 

II.2.   Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is an electron microscopy technique based on the principle of 

electron-matter interactions, capable of producing high-resolution images of the surface of a sample. The 

principle of SEM consists of an electron beam scanning the surface of the sample to be analyzed, in 

response, re-emits certain particles which are analyzed by different detectors, thus making it possible to 

reconstruct a virtual image of the object observed by SEM in three dimensions from the surface [2]. 

The images were taken by a Thermo Scientific Quanta SEM Prisma E electron microscope made in the USA 

(Fig II.2.) Image resolution can be up to 3 nm at 30 kV to 7 nm at 3 kV. The image obtained gives a 

topographic view of the surface with a much greater depth of field than in optical microscopy. An 

accelerating voltage of 10-15 kV was used to avoid the degradation of the sample, which would take place 

if the speed of impact of the incident electrons on the object was too great. 

 

 

 

 

 

 

 

 

 

 

 

II.3.   Differential Scanning Calorimetry (DSC)/Thermogravimetric analysis (TGA) 

Differential Scanning Calorimetry (DSC) is a technique used to study the behavior of polymers when 

heated. This involves recording the exo or endothermic effects caused by physical or chemical modifications 

of the materials. In contrast, the Thermogravimetric analysis (TGA) is a thermal analysis technique that 

allows for measuring the amount and rate of change in mass of a sample as a function of temperature and 
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Figure II.3 : Principle of Thermogravimetric SETARAM Instrumentation LABSYS evo 

time. It makes it possible to evaluate any group or phase variations lost when the material decomposes, 

dehydrates, or oxidizes and determine the degradation area [3].  

The coupled thermogravimetric analyzer (TGA/DSC) device is a SETARAM Instrumentation LABSYS 

evo (Fig II.3). The test portion varies between 20 and 70 mg of sample, and the heating rate is 5°C/min 

under a standard atmosphere. The results of a TGA measurement are usually displayed as a curve in which 

mass or mass percentage varies with temperature or time. The results can also be presented as variations of 

the TGA curve's first derivative as a temperature or time function. This derivative tells us about the rate at 

which mass change occurs and is known as the differential thermogravimetric or DTG curve. The difference 

in mass occurs when the sample loses material or reacts with the surrounding atmosphere; different 

phenomena can cause weight loss or gain, and the glass transition temperature Tg is taken at the "ONSET" 

point from the DSC thermogram, and the polymerization reaction's exothermic heat (ΔH) is calculated from 

the exothermic peak limited by the baseline. 

 

 

 

 

 

 

 

 

 

 

II.4.   Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis consists of measuring the response of a material following dynamic stress 

as a function of frequency and temperature. It gives valuable information on the moduli of conservation (E') 

and loss (E) and the tangent of the angle of loss tan delta. 

- E′ is the component of the modulus in phase with the deformation, which corresponds to the energy 

accumulated in elastic form and is known under the modulus of conservation or elastic modulus. 
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Figure II.4 : Principle of TA instrument DMA Q800 three-point bending machine 

- E'' represents the viscous component of the material. Viscosity reflects its ability to dissipate mechanical 

energy. This phenomenon is associated with the friction of the chains of molecules and their flow, and 

it is called the loss modulus. 

- The ratio between the loss modulus and the storage modulus defines the tangent of the loss angle (tan δ 

= E''/E'). This quantity represents the proportion of energy dissipated compared to the elastic energy 

stored during a deformation cycle [4]. 

The composites were analyzed using the TA instrument DMA Q800 three-point bending machine (Fig 

II.4). The tests were conducted by subjecting rectangular samples, with an estimated size of 59.70 × 12.80 

× 3.18 mm, to a strain of 1 mm at a frequency of 1 Hz. The temperature was gradually increased from 20 to 

80 °C at a heating rate of 2 °C/min to avoid thermal gradients in the sample as shown in Fig II.4. 

 

 

 

 

 

 

 

 

 

 

II.5.   Tensile test 

The tensile test is used most to evaluate fiber-matrix interactions within composite materials. The 

principle of this test consists in fixing the two ends of a composite specimen in the jaws of the tensile 

machine. The machine then applies a tensile force, causing the specimen to lengthen until it breaks 

gradually. During a tensile test, the force applied to the specimen and the elongation of the test piece is 

measured simultaneously. The force applied was measured by the testing machine, and the elongation was 

measured using an extensometer. The recorded data makes it possible to establish a stress-strain curve. 
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Figure II.5 : Instron Universal Testing Machine, Instron 5969 

Initially, the composite's elastic deformation is characterized by a linear relationship between stress and 

strain. In this zone, the mechanical behavior of the composite is characterized by a modulus of elasticity 

which represents the slope of the stress-strain curve. Beyond the linear zone, the deformation of the material 

is irreversible, the material crosses the barrier of elasticity, and there is a plastic deformation that continues 

until the specimen breaks [5]. 

We used an Instron Universal Testing Machine, Instron 5969 (Fig II.5), controlled by Bluehill3 

software. The test was conducted at room temperature with cells having a maximum capacity of 5 kN, and 

the test was carried out at a 5 mm/min speed. The tensile testing specimens were prepared according to (ISO 

527-2, geometry type 1A) specific dimensions. The samples used in ISO 527-2 are rectangular and have a 

standardized length, width, and thickness. The parameters are listed in Table II.1, and the specimens’ 

measurements are given in Fig II.6. 
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Figure II.6 : Tensile testing specimens type 1A 

Table II.1: Specimen dimensions according to ISO 527-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.6.   Three-point bending 

Three-point bending is a test method used to measure the mechanical properties of composite materials. 

The specimen is placed between two supports, and a force is applied in the middle of the specimen. The 

force causes a deformation of the specimen, which is measured. The material's mechanical properties, such 

as flexural strength, modulus of elasticity, and yield strength, can be calculated from the deformation of the 

specimen [6].  

l1 30.0   ± 0.05 mm 

l2 58 ± 2 mm 

l3 75 mm 

L0 25.0  0.5 mm 

L l2+ 2 mm 

h 2 mm 

r 30 mm 

b1 5.0 ±  0.5 mm 

b2 10.0 ± 0.5mm 
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Figure II.7 :  Principe of flexural three-point according to ISO 178 using Instron Universal 

Testing Machine, Instron 5969 

Flexural tests were done in the three-point bending mode according to ISO 178 using Instron Universal 

Testing Machine, Instron 5969. The prescribed size for the specimens used in the test is a length of 80 mm, 

a width of 10 mm, and a thickness between 2 and 4 mm, as shown in Fig II.7. 

 

 

 

 

 

 

 

 

 

II.7.   Hardness 

The shore hardness of a composite material is a measure of a material's resistance to penetration by an 

indenter. Shore hardness is measured on a scale of 0 to 100, where 0 is the softest and 100 is the hardest. 

There are two Shore hardness scales: Shore A and Shore D. The Shore A scale is used for soft materials, 

while the Shore D scale is used for hard materials. Many factors, such as the type of matrix, reinforcement, 

the matrix/reinforcement ratio, and the manufacturing process, influence the shore hardness of composite 

material [7]. Shore hardness is an important parameter when designing composite structures, as it affects 

the material's deformation resistance, fatigue resistance, and fracture toughness. Shore hardness is expressed 

as follows:               

Hard Shore X = M 

X: being the lure corresponding to the type of Shore durometer used: A or D. 

M: Calculated average value. 

The test specimen may have any shape (square, rectangular, or disk) provided that the dimensions allow 

obtaining at least five measurements at different locations spaced apart from each other by at least 6 mm 

and from the edges of the specimen of at least 12 mm. The face of the specimen on which the measurement 

is to be made must be as flat as possible. Using specimens with two parallel faces is preferable to have the 
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Figure II.8 : Principe of the Zwick-Roell Durometer 

test face flat and horizontal.The durometer used in the shore A hardness measurements of the composites 

studied is of the Zwick Roell type according to the ASTM D 2240 standard (Fig II.8). 
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Chapter I : Characterization of the Palm Petiole Fibers 

 

This study aims to characterize treated and untreated petiole fibers (NaOH sodium, hydrogen peroxide, 

and acetic anhydride). The identification of functional groups resulting from the chemical treatments was 

demonstrated by FTIR spectroscopic analysis, and the effect of the modification on thermal and 

morphological properties was also examined by ATG/DTG and DSC thermal analysis and scanning electron 

microscopy (SEM). 

I.1.   FTIR Spectroscopy 

The infrared spectra of palm petiole fibers before and after three pretreatments are shown in Fig I.1. The 

fibers have been modified to remove impurities and waxes, all while minimizing the absorption of water. 

The peak at 3340 cm-1 corresponds to the O-H stretching of hydrogen bonds. The decreased intensity of the 

peak at 3340 cm-1 after alkali treatment is due to the extraction of lignin, hemicellulose, and other 

constituents from the fiber surface, resulting in a large number of exposed O-H groups. As a result, the 

fibers become more hydrophilic. The peaks at 1723 cm-1 are attributed to C=O stretching vibration in 

the carboxylic acid in lignin or ester groups of hemicellulose and pectin for untreated fibers. 

The intensity of those peaks is reduced by 10% when palm petiole fibers are treated with NaOH. The 

carbonyl groups of lignin have a wavenumber of roughly 1598 cm-1. This peak appears in FU, but the 

intensity of those peaks in FN has decreased, which indicates that lignin has been reduced by NaOH 

treatment. The peak at 1224 cm-1  is responsible for the C–O stretching of acetyl lignin and it was removed 

by 10% in FN. The C–H bending deformation of hemicellulose is attributed at 1367 cm-1 in FU. 

This intensity was removed by the NaOH treatment [1]. The intensity of the peak at 1103 cm-1 also notes 

the decrease, which is attributed to the elongation of the C-O-C ether groups of lignin. This reduction is due 

to the solubilization of lignin, hemicellulose, waxes, and pectins in sodium hydroxide [2]. 

After the double pretreatment with NaOH/H2O2 solution, the large quantities of hemicelluloses and 

lignins can be removed, and the hard structure can be broken. Increasing cellulose solubility caused the peak 

at 3340 cm-1 to grow stronger due to the breaking of the hydrogen bond. The peak at 1723 cm-1, attributed 

to C=O, became weaker because hemicelluloses and lignin are soluble in NaOH and H2O2.  
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During NaOH/ H2O2 treatment, the peak at 1650 cm-1 attributed to H-O-H bending or aromatic C=C 

stretching was significantly reduced [3]. The decreases in peaks assigned to hemicellulose and lignin show 

that bleaching could eliminate part of the hemicellulose and lignin in the fibers. As shown in Fig. I.1, the 

intensities of the C=C stretching of aromatic lignin and the symmetric bending of CH2 in hemicellulose at 

1505 cm-1 and 1422 cm-1 respectively [4] in the spectra of FNH were clearly higher than those in the spectra 

of FN. When compared to NaOH treatment, this indicates that bleaching with NaOH/ H2O2 is substantially 

more effective at removing lignin. 

On the other hand, the advantage of the acetylation process with acetic anhydride is that it creates 

chemical bonds with the structure of the fibers, which allows the creation of a coating that protects against 

moisture [5]. The appearance of the peaks in the regions of 1723 cm-1 and 1238 cm-1 was attributed to the 

axial deformation of (C=O)-O and C=O from acetyl groups, respectively, (Fig I.1), and confirmed the 

incorporation of the acetyl groups into the palm petiole fibers molecule. Both peaks were characterized by 

strong peaks in FNA when compared with FN. The peak of the C-H stretching in the acetyl group is observed 

at 1367 cm-1 [6]. The presence of impurities, wax, and lignin on the surface, and the hydrophilic 

characteristics, are the variables that contribute to poor fiber-polymer matrix adhesion. For this reason, we 

modified the surface of the fiber to improve the adhesion interfacial. 

 

 

 

 

 

 

 

 

 

(a) 
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I.2.   Morphological characterization (SEM) 

The morphological study investigated the characteristic morphology of the size, appearance, and 

topography of treated and untreated palm petiole fibers (PPF). 

As shown in Fig I.2. Untreated fibers are long and have a unique morphology characterized by their 

high aspect ratio (length to diameter ratio) gives them high tensile strength and modulus; this makes them 

well-suited for applications where high strength and stiffness are required, such as in structural composites.  

 

 

Figure I.1: FTIR spectra of raw and chemically treated fibers. 

(b) 

(c) 
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Figure I.2: SEM micrographs of untreated petiole fiber (FU) 

Figure I.3: SEM micrographs of treated petiole fiber (a) FN and (b) FNH 

 

 

 

 

 

 

 

 

As shown in Fig I.3 (a). The alkaline treatment removes impurities such as hemicellulose, lignin, and 

pectin, enhancing the adhesion to the polymer matrix; the treatment also causes the fiber to swell and 

become more flexible. Removing impurities exposes the underlying cellulose fibers, which are the most 

vital component of the fiber, where the swelling of the fiber increases its surface area and flexibility [7].  

 

 

 

 

 

 

 

 

The difference in the fiber surface morphology after hydrogen peroxide/alkaline treatment is due to the 

cuticle's removal and the lumen's opening, as shown in Fig I.3 (b).  
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Figure I.4 : SEM micrographs of treated petiole fiber (a) FNA and (b) FNHA 

The cuticle is a waxy layer that covers the surface of plant fibers and protects them from moisture and 

abrasion. The alkaline solution then opens the fibers' lumen, allowing water and other molecules to penetrate 

the fibers. The treatment results in a decrease in fiber diameter, an increase in fiber length, and a change in 

the fiber surface morphology. The reduction in fiber diameter is due to removing more lignin and 

hemicellulose from the fiber surface. The increase in fiber length is due to the separation of the fiber bundles 

between as [8]. 

The acetylation process modifies the PPF surface by replacing the hydroxyl groups' hydrogen atoms in 

the fiber cell membrane with acetyl groups. This reduces the fiber's polarity, removes waxy material from 

the surface, and causes the fiber diameter to increase slightly due to the deposition of acetyl groups on the 

fiber surface and also reduces the roughness of the fiber surface due to the removal of waxy material, as 

shown in Fig I.4 (a) and I.4 (b). Acetylation treatment also increases the fiber's crystallinity due to the 

cellulose molecules' cross-linking [9]. 

 

  

 

 

 

 

 

 

I.3.   Thermal analysis 

I.3.1.   Thermogravimetric analysis (ATG/DTG) 

Thermal stability is commonly evaluated by determining the onset temperature of thermal 

decomposition and was used to measure the weight loss of composites as a function of rising temperature. 

Higher decomposition temperatures give greater thermal stability.  
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Figure I.5: TGA curves of treated and untreated palm petiole fiber 

Fig I.5. shows the fibers' thermal degradation curves as a function of the chemical treatment of palm 

petiole fibers. All fibers presented two stages: a first stage with a slight weight loss in the range of (30-180 

°C), due to the release of humidity retained in the fiber component, and a second stage where hemicellulose 

and lignin degradation happened (200-310 °C), while another loss of mass at (310-450 °C), is related to the 

degradation of the cellulose. The release of noncombustible gases, such as carbon dioxide can explain it, 

and carbon monoxide is present in the samples containing high cellulose content [10]. The final process is 

around (450-700 °C), which produces a reactive coal residue. Table I.1, indicates the degradation stages. 

 

 

 

 

 

 

 

 

After treatment with the alkali solution, the initial temperature of decomposition of the fiber (FN) 

increased to 255.5 °C, compared to the untreated fiber (FU) at 221.8 °C. This indicates that the alkali 

solution treatment improved the thermal stability of the petiole fiber [11]. This is possibility due to the fact 

that the relative content of lignin and hemicellulose in the petiole fiber decreased after the alkali treatment.  

The TGA curve for FNH shows that the NaOH/H2O2 treatment was the most thermally stable, at 260 

°C, compared to the other treatments, but in the middle of the process, the mixed treatment showed a 

behavior similar to or slightly superior to the alkali. Consequently, from the thermal analysis, it is revealed 

that NaOH/H2O2 is more effective in the removal of non-cellulosic materials than conventional NaOH 

treatment, resulting in better thermal stability according to [12]. 
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From these thermograms Fig. I.5. We can infer that acetylated petiole fiber (FNA) exhibits higher 

thermal stability compared to untreated fiber (FU). This may be attributed to the substitution of OH groups 

by more voluminous ones, thereby the stability of hemicellulose has been increased during acetylation [13]. 

It is also partially due to the fact that some components of the fiber, such as lignocellulose, which degrade 

at a lower temperature, may be extracted during alkali treatment. For acetylated petiole fiber the residue left 

at 700 °C (26.8%) is less than that of untreated material (32.4%), which indicates that the acetylated material 

is lost with volatile products and does not contribute to char formation. 

The TGA curve of FNHA acetylated (NaOH and NaOH/H2O2 pretreated) fibers shows that the 

degradation behaviors for all the treated fibers were similar to each other. This can be attributed to the 

further purification of the fibers that took place due to the treatment. From table I.1, it was observed that, in 

all cases, the degradation temperatures of lignin, hemicelluloses, and cellulosic constituents for acetylated 

fibers were higher than those for untreated and alkalized- acetylated fibers. As a result, it can be deduced 

that FNHA fibers were more thermally stable than the untreated (FU) and (FNA) fibers. 

Table I.1: Thermal behavior of treated and untreated palm petiole fiber. 

IDT: initial decomposition temperature, MDR: Maximum degradation rate, MDT: Maximum decomposition temperature. 

 

Other researchers [14, 15], who studied the chemical structure of different parts of the date palm tree, 

also reported similar observations. They found that the hemicellulose, cellulose, and lignin decomposed in 

the temperature ranges of (260-340 °C) for hemicellulose, (320-380 °C) for cellulose, and (300-580 °C) for 

lignin, showing their overlapping decomposition processes. Moreover, the degree of crystallinity also 

influences the thermal stability of natural fibers (Fig I.6). Overall, the analysis results revealed that FNH 

and FNHA fibers have good thermal stability and might be applied in the industrial manufacture of 

composites, which require high resistance to elevated temperatures. 

 

Sample IDT (°C) MDR (%/min) MDT (°C) Residue (%) at 700 (°C) 

FU 221.8 93.46 339.7 32.4 

FN 255.5 87.44 355.1 31.33 

FNH 260 86.09 366 26.63 

FNA 222.1 85.71 361.5 26.8 

FNHA 230 84.93 363.5 24.63 
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Figure I.6 : DTG curves of treated and untreated palm petiole fiber 

Figure I.7 : DSC curves of treated and untreated palm petiole fiber 

 

 

 

 

 

 

 

 

I.3.2.   DSC analysis 

As for DSC analysis (Fig. I.7), all samples showed broad exotherms extending from 70 to 140 °C, which 

correlated to water vaporization. The heat flow from untreated fibers is remarkably more significant than 

the other samples. This showcased that the untreated fibers required higher heat energy for evaporating more 

extensive water content, in line with the weight loss shown in the TGA curve.  
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The exothermic peak corresponds to the decomposition of lignin, hemicelluloses, and fiber cellulose. 

For the untreated fiber (FU), the exothermic peak is observed in the 200 - 475 °C. While the fibers treated 

with soda (FN) and treated with hydrogen peroxide (FNH) exhibit an exothermic peak between 250 °C and 

480 °C. This is probably due to the partial removal of lignin, hemicellulose, and cellulose from the fiber 

[16]. As a result, the thermal stability of FN is increased compared to untreated fiber. 

Besides this, the acetylated fiber FNA and FNHA revealed a third-wide exotherm at around 370 °C, 

correlating to the energy required to decompose cellulose-based compounds. This was possibly due to the 

milling effect that had gradually decreased the fiber compactness of fibers after numerous treatment cycles 

and subsequently reduced its thermal resistance withstanding high temperatures. Beyond this point, both 

curves rise to likely form an exothermic band for heat release to break down the bonds of cellulose and 

hemicellulose components. Thus, the analyzed DSC results herein agreed well with the TGA curves [17]. 
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Chapter II : Characterization of the Composites Elaborates 

 

 

This chapter is devoted to characterizing composites that combine the linear low-density polyethylene 

(LLDPE) matrix and a fibrous filler ( 15-25% Petiole fiber). We studied the properties of the composite 

materials formed: morphological properties, thermal, mechanics, and dynamic mechanics properties.  

 

II.1.   Morphological characterization (SEM) 

a. Load Effect 

Scanning Electron Microscopy (SEM) was carried out to investigate fiber pull-out and fiber/matrix 

interaction. The effect of loading fibers on the interface of composites was examined by examining the 

fractured surfaces of LLDPE, LLDPE/FU 15%, and LLDPE/FU 25% composites; the images obtained are 

shown in Fig II.1 (a,b and c).  

 

 

 

 

 

 

 

 

 

 

 

Fig II.1 (a) neat LLDPE shows smooth and homogeneous surfaces on the cross-section. On the other 

hand, for the untreated composites Fig II.1 (b and c), we observe a rough, irregular, and heterogeneous 

surface, and the presence of micro-voids and cavities on the surface due to the loosening of the load from 

the PE matrix during the fracture; fiber pullout and fiber breakage were also detected [1]. These microvoids 

become more pronounced as the load rate increases in LLDPE/FU 25% composites, highlighting the 

incompatibility of the two phases due to poor interfacial adhesion and differences in the polarities of the 

(c) 

Figure II.1: SEM micrographs of (a) LLDPE, untreated composite, (b) LLDPE/FU 15%, and (c) LLDPE/FU 25% 
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free surfaces of the hydrophilic filler and the hydrophobic polymer; it is also discovered that impurities on 

the palm surface reduce interfacial bonding with the matrix [2].  

b. Treatment effect 

Fig. II.2 (a-k) shows the SEM images of the fractured cross sections of tensile testing samples of the 

composite reinforced with treated and untreated fibers. The fig. II.2  shows rough surfaces on the all 

composites due to the presence of certain agglomerates and aggregates of filler particles distributed 

throughout the polymeric matrix. Fig II.2 (a,b) shows how the fibers are distributed in the matrix and how 

some microcracks and fiber pullout can be observed on the surface of the composites LLDPE/FU 15-25%. 

Fig II.2 (a,b) also shows that the middle area of the composite is poorly distributed and the microrovoid is 

also observable, which is due to the presence of the untreated fibers. 

 Alkaline treatment roughened the surfaces of the fibers on account of the removal of lignin and 

hemicelluloses. As a result, as shown in Fig II.2 (c,d), the load transfer between fiber and matrix in the 

LLDPE/FN 15-25% composites has improved, which shows a more homogeneous surface compared to 

untreated composites with smaller microvoids.  

The alkaline peroxide treatment improved the adhesion characteristics between the fibers and the 

polymer matrix. Fig II.2 (e,f) clearly indicates the relatively clean surface of the composites LLDPE/FNH 

15-25% as a result of the removal of the impurities on the surface and the formation of microvoids in the 

fibers during the treatment process. The presence of microvoids is important in promoting the adhesion 

between the fibers and the polymer via a mechanical interlocking mechanism. This may also explain why 

the LLDPE/FNH composite had better mechanical properties than the LLDPE/FN composite. Fig II.2 (g,h) 

demonstrates that the acetylation of palm petiole fiber surfaces has reduced microvoids around the fibers. 

The surface roughness of the LLDPE/FNA 15-25% composites after acetylation treatment is lower than that 

of untreated composites. LLDPE/FNA and FNHA created a smoother surface in the composite. This 

confirms the good interfacial adhesion between acetylated fibers and LLDPE.  In the instance of the 

LLDPE/FNHA 15-25% samples, which showed the greatest interfacial bonding, the fibers have cracked in 

the fracture plane, proving the efficacy of the surface modification technique used in Fig II.2. (j,k). In the 

same way, the surface of the fibers that had been bleached LLDPE/FNH or bleached and acetylated 

LLDPE/FNHA was smoother than that of the FN and FNA samples because amorphous layers had been 

removed from the surface of the fibers [3]. 
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Figure II.2: SEM micrographs of treated and untreated composite (a-b) LLDPE/FU 15-25%, (c-d) LLDPE/FN 15-25%, 

(e-f) LLDPE/FNH 15-25%, (g-h) LLDPE/FNA 15-25%, (j-k) LLDPE/FNHA 15-25%  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.2.   Thermogravimetric analysis (ATG/DTG) 

a. Load Effect 

Fig. II.3 and II.4  represents the TG and DTG thermograms of the neat LLDPE and various composites 

produced with 15-25% of untreated fiber. It can be seen that the incorporation of the untreated petiole fibers 

into the LLDPE matrix reduces the temperature of decomposition, and this reduction is all the more 

significant as the rate of petiole fibers increases. It is estimated at 356.2 °C for virgin LLDPE, 229 and 

233°C for untreated composites FU 15% and FU 25%, respectively. This decrease is attributed to the 

presence of the three main constituents (cellulose, hemicellulose, and lignin) of the fibers [4, 5]. Cellulose 

fiber degrades between 200 and 350 °C. At the same time, our polymer degrades at temperatures above 400 

°C. Consequently, the thermal behavior of the composite represents the sum of the individual behaviors of 

these two fiber and matrix constituents. In the vicinity of 490 °C, a plateau of stability is recorded, attributed 

to the formation of cinder. 
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Figure II.3: TGA curves of neat LLDPE and untreated composite LLDPE/FU 15-25% 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the DTG thermograms Fig II.4, we notice the appearance of different peaks. 

A first peak appears around 100 – 120 °C, corresponding to the evaporation of the water physically 

adsorbed on the surface of the particles of the petiole fibers for the untreated composites. This phenomenon 

can be attributed to the hydrophilic nature of the fibers, which can absorb more water molecules. On the 

other hand, in the same temperature range, LLDPE does not record any peak, a signature of the hydrophobic 

nature of the polymer. A second peak corresponding to the thermal degradation of hemicellulose and 

cellulose is 213 and 304 °C. More precisely, the thermal decomposition of cellulose occurs essentially at a 

temperature of 310 °C and is done by depolymerization [6]. Indeed, when subjected to very high 

temperatures, it absorbs enough energy to cause the breaking of the glycosidic bond. Depolymerization can 

also be accompanied by the dehydration of sugars, giving rise to unsaturated compounds and a variety of 

volatile compounds. Hemicelluloses are less thermally stable than cellulose and generally degrade at 

temperatures between 200 and 260 °C. Although they represent a smaller fraction in the fiber than cellulose, 

they can nevertheless significantly affect the thermal behavior of the composite because of their structural 

association with the other constituents. In a study on Leaf and Kenaf fiber and its components [7] they 

attribute this process to the pyrolysis of the hemicellulose fraction. 

Around 350 °C, a third peak appears; it corresponds to the decomposition of lignin. This process can be 

explained by the cleavage of carbon-carbon bonds between the structural units of lignin and dehydration 

reactions [8]. Above 300 °C, the aliphatic chains of the aromatic ring begin to break to produce phenolic 
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Figure II.4: DTG curves of neat LLDPE and untreated composite LLDPE/FU 15-25% 

derivatives. Similar results were reported by [9]. A broad and intense peak appears between 450°C and 

520°C, corresponding to the decomposition of the polyethylene matrix. It is noted that the introduction of 

the untreated fiber petiole leads to a decrease in the maximum decomposition rate. We also note a slight 

shift in the maximum decomposition temperatures towards high temperatures, indicating better stability. 

Above 520° C, a plateau of stability is recorded, corresponding to the residue's formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. Treatment effect 

Fig II.5 and II.6 represents the ATG thermograms of the different untreated and treated composites with 

different loading 15% and 25%, respectively. Through these thermograms shown in Fig II.5 and II.6, the 

NaOH and NaOH/H2O2 treatments of natural fibers improve their thermal stability. The start of 

decomposition temperatures for the composites increases 260-274.6 °C and 252.4-275.4 °C for the 

LLDPE/FN 15-25% and LLDPE/FNH 15-25% composites, compared to that of the composites with 

untreated LLDPE/FU 15-25%, which is 229-233 °C. This result is probably due to the removal of some 

amorphous components from the fiber, such as hemicelluloses and lignin, and increasing the crystallinity of 

fiber [4]. Thermogravimetric data for the LLDPE/FNA composite as shown in Fig II.5 and II.6  indicate 

that acetylation reduces their thermal stability compared to LLDPE/FN, which results in a decrease in the 

temperature at which degradation begins and a shift in mass losses to lower temperatures. This behavior 

may be related to the disruption of the crystal structure of the fibers caused by the substitution of hydroxyl 

groups by more significant and less polar acetyl groups [10]. 
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Figure II.5: ATG curves of treated and untreated composite 15% 

Figure II.6: ATG curves of treated and untreated composite 25% 

On the other side, we see the onset of thermal degradation for LLDPE/FNHA composite with 263.3-

268.5 °C is higher than LLDPE/FNA composites. The acetylated fibers are more stable after mercerization 

alkali and oxidation. The acetyl groups on the fiber surface make it more hydrophobic and less susceptible 

to moisture absorption [11]. Moisture absorption can accelerate the thermal degradation of natural fibers. 

The LLDPE matrix also plays a role in the thermal degradation of the composite. LLDPE is a relatively 

thermally stable polymer that will still degrade at high temperatures. The degradation of the LLDPE matrix 

can release free radicals, accelerating the degradation of the acetylated fibers.  
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Figure II.7: DTG curves of treated and untreated composite 15% 

Fig II.7 and II.8 represents the mass differentials (DTG curves) of the treated and untreated composites 

(15-25%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.8: DTG curves of treated and untreated composite 25% 
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Exploiting the TG-DTG thermograms of the various untreated and treated composites allows us to determine 

the temperatures at the start of the composition, and the residue content. The details of these results are 

reported in Table II.1. 

 

Table II.1: Thermal parameters of neat LLDPE, treated and untreated composites (15-25%) 

Sample IDT (°C) MDR (%/min) MDT (°C) Residue (%) 

LLDPE 356.2 60.25 448.9 2.66 

LLDPE/FU 15% 229 70.35 480 3.197 

LLDPE/FU 25% 233 68.42 488 3.947 

LLDPE/FN 15% 260 67.73 491.7 1.734 

LLDPE/FN 25% 274.6 66.86 487.8 2.01 

LLDPE/FNH 15% 252.4 61.6 490.1 / 

LLDPE/FNH 25% 275.4 69.42 489.8 / 

LLDPE/FNA 15% 243 60.21 486.5 / 

LLDPE/FNA 25% 253.2 66.19 492.2 / 

LLDPE/FNHA 15% 263.3 60.7 492.2 / 

LLDPE/FNHA 25% 268.5 73.39 485.1 / 

IDT: initial decomposition temperature, MDR: Maximum degradation rate, MDT: Maximum decomposition temperature. 

 

The results in Table II.1. allow us to draw the following conclusions: 

Same observation as previously, around 100°C, there is a slight variation in mass, which characterizes 

the evaporation of water. Between 200° and 360°C, hemicellulose, cellulose, and lignin degradation occurs. 

Pure polyethylene (LLDPE) is more thermally stable than untreated composites. It begins to decompose at 

a temperature of 356.2 °C and reaches a maximum decomposition rate of 60.25 %/min at 488.9 °C. 

The introduction of untreated petiole fiber (15-25%) leads to a reduction in the temperature at which 

degradation begins 229-233 °C and increase in the maximum speed of decomposition 70.35-68.42 %/min. 

The residue level increases as untreated petiole fiber (FU) is added to the LLDPE matrix with 3.197% of 

LLDPE/FU 15% and 3.947% of LLDPE/FU 25%. 

All Treatments increase the temperature of decomposition in comparison to LLDPE/FU. This is 

explained by eliminating contaminants, wax, and hemicellulose from the surface of the fibers. These 

constituents coat the cellulose, which retards its decomposition. Cellulose represents the high percentage of 

material that forms the fibers [12].  
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Figure II.9: Tensile strength of neat LLDPE and untreated composites 15-25%. 

In summary, we can claim that the composite containing 25% untreated and treated fibers has more 

excellent thermal stability than the neat LLDPE and LLDPE/PPF 15%, with a bit of an advantage for the 

untreated sample over the treated sample, considered residues. While 15% integration of treated and 

untreated fibers does not significantly alter the thermal stability of the composite, it is observed that the 

curves are somewhat overlapping due to the tiny amount of fibers. The extreme thermal deterioration of 

composites occurs at temperatures above 210 °C, which cannot be achieved during the production process 

or when utilizing these composite materials [13]. 

 

II.3.   Mechanical Properties 

II.3.1.   Tensile testing 

II.3.1.1.   Tensile strength 

a. Load Effect 

 The evolution of the tensile strength of untreated composites as a function of a load of palm petiole 

fibers is illustrated in Fig II.9. We note a decrease in the tensile strength of composites loaded with FU 

compared with that of the virgin LLDPE matrix. This reduction is estimated at 35.66% and 43.82% for the 

formulations LLDPE/FU 15% and LLDPE/FU 25%, respectively. This decrease is attributed to the decrease 

in the bond strength between fiber and matrix, which obstructs the propagation of stress [14]; this can be 

explained by the tendency of the particles of the fibers to form agglomerates, which induce heterogeneities 

and it may be due to the less amount of fibers unable to distribute homogeneously in matrix cause poor 

stress transfer from matrix to fibers [15]. 
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Figure II.10: Tensile strength of neat LLDPE, treated and untreated composites 15%. 

Figure II.11: Tensile strength of neat LLDPE, treated and untreated composites 25%. 

b. Treatment effect 

Fig II.10 and II.11 shows the variations in tensile strength of treated and untreated LLDPE/Palm petiole 

fiber composites (15-25%). The tensile strength decreased by 51.55% and 43.81% by adding 15 and 25 % 

wt untreated fibers to the composite. The meager particulate size of fibers (35 µm) acts as stress 

concentration points if not appropriately dispersed, leading to the failure of the composite [16, 17]. Also, 

the character hydrophilic fibers and the character hydrophobic LLDPE matrix lead to poor adhesion 

interfacial.   
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However, using chemical treatments like alkali treatment and hydrogen peroxide to reduce lignin and 

hemicellulose increases the surface area of the fiber. It makes exposing OH-groups on the fiber surface 

easier for acetylation treatment. This usually results in good physical effective interactions and improves 

interfacial adhesion region, enhances the stiffness imparted by the fibers to the composites [3], and increases 

the tensile strength of treated composites LLDPE/FN with 13.56 MPa, LLDPE/FNH 14.61 MPa, 

LLDPE/FNA 14.49 MPa, LLDPE/FNHA 15.64 MPa compared to the untreated composite LLDPE/FU 

13.39 MPa. The tensile strength of LLDPE/acetylated palm fiber composites (LLDPE/FNA and 

LLDPE/FNHA) improved as fiber loading increased, from 13.39 MPa for LLDPE/FU to 14.49 MPa for 

LLDPE/FNA and 15.64 MPa for LLDPE/FNHA. The increase in tensile strength could be attributed to 

several factors, including removing lignin and extractable substances, a slight rise in cellulose content, and 

converting a small portion of hemicellulose into acetylated hemicellulose.  

The acetylation process involves replacing the hydrogen atoms of the hydroxyl groups in the fiber cell 

membrane with acetyl groups, which reduces the fiber's polarity. This process removes waxy material from 

the fiber surface, leading to better adhesion between the fiber and the matrix in composite materials. 

Additionally, acetylation increases the surface free energy, which helps to enhance composite properties 

and we see a reduction in tensile strength in treated and untreated LLDPE/F 25% composite due to the 

higher loading of fibers [18]. 

 

II.3.1.2.   Young’s modulus 

a. Load Effect 

Fig II.12 represents the evolution of Young's modulus of untreated composites as a function of a load 

of palm petiole fibers. Adding untreated petiole palm fibers to the LLDPE matrix increases the material's 

rigidity. In other words, Young's modulus increases by 503.78 MPa for the virgin LLDPE to reach the values 

of 651.59 MPa and 756.30 MPa for the composites containing 15 and 25% of the FU, which is an increase 

of approximately 28.89% and 50.12%, respectively, due to good dispersion of palm petiole fibers in 

composites [19]. In the LLDPE/FU 25% composite, the tensile strength decreased but the tensile modulus 

increased. Tensile strength may have decreased due to a higher proportion of fibers that are unable to mix 

properly with the matrix.   
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Figure II.12: Young's modulus of neat LLDPE and untreated composites 15-25%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. Treatment effect 

Young's modulus of LLDPE/palm petiole fiber composites reinforced with treated and untreated fibers 

is higher than that of polyethylene matrix, as shown in Fig II.13 and II.14. Adding 15-25% palm petioles 

fibers to the LLDPE matrix made the composites stiffer without changing their strength. These results are 

the same as those found in [20]. It was shown that composites made of LLDPE/FU 15% had Young's 

modulus of 598 MPa, LLDPE/FN 15% of 465 MPa, LLDPE/FNH 15% of 490 MPa, LLDPE/FNA 15% of 

420 MPa, and LLDPE/FNHA 15% of 422 MPa and composites made of LLDPE/FU 25% had Young's 

modulus of 756.61 MPa, LLDPE/FN 25% of 522.58 MPa, LLDPE/FNH 25% of 532.91 MPa, LLDPE/FNA 

25% of 544.82 MPa, and LLDPE/FNHA 25% of 542.20 MPa. During mercerization, NaOH reacts with the 

hydroxyl groups of the material hemicellulose. This causes the cell structure to become tangled and the 

fibers to break. By breaking down the hemicellulose, the space between the cells should become less thick 

and stiff. This may facilitate the fibers' ability to reorganize themselves. This results in a more efficient 

packing of cellulose chains [21], and it was found that the fibers being bleached with H2O2 have more 

interactions with the polymer matrix, which leads to good dispersion in the composite. This results in 

stiffness enhancements from the fibers to the composites. 
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Figure II.13: Young's modulus of neat LLDPE, treated and untreated composites 15%. 

Figure II.14: Young's modulus of neat LLDPE, treated and untreated composites 25%. 
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Figure II.15: Flexural strength of neat LLDPE and untreated composites 15-25% 

II.3.2.   Flexural testing 

II.3.2.1.   Flexural strength 

a. Load Effect 

The evolution of the flexural strength of untreated composites as a function of a load of palm petiole 

fibers is illustrated in Fig II.15. We note an increase in the flexural stress of the composites filled with 

untreated fibers compared to the unfilled LLDPE. This increase is evaluated at 15.56 and 16.04 MPa for the 

LLDPE/FU 15% and LLDPE/FU 25%, respectively. This increase increases as the fiber rate increases due 

to the increase in the bond strength between the fiber and the matrix. After adding 25% of FU, the flexural 

strength was improved. The flexural properties improve with increasing the fiber loading up to the critical 

loading point; afterward, it declines. Some researchers [22, 23] found that flexural properties increased with 

the fiber loading increase but decreased from 50 to 60% of loading. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

b. Treatment effect 

Fig II.16 and II.17. shows the variations in flexural strength for neat LLDPE and LLDPE composites 

reinforced with (15-25%) of treated and untreated palm petiole fiber. The flexural strength improved by 

22.51%, 24.88% by adding 15-25% untreated and treated fibers to the composite compared to virgin 

LLDPE. This rise due to reinforced composites with treated fibers improved the fiber-matrix interaction 

under compressive loads during bending and greater transfer capacity at the fiber-matrix interface in 

reinforced composites treated fibers. However, in LLDPE/FNH 15% and LLDPE/FNH 25% it is noted that 

there is a decrease of 0.89 MPa  and 0.165 MPa in flexural stress compared to LLDPE/FN 15% and 

LLDPE/FN 25% composites due to poor adhesion between the fiber and matrix phase. Several references 
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Figure II.16: Flexural strength of neat LLDPE, treated and untreated composites 15%. 

[24, 25] have also reported that fiber agglomerations could cause reduced flexural strength for LLDPE/FNH 

composites in the matrix, fiber moisture absorption, and interfacial defects, which limited the stress transfer 

from LLDPE to palm petiole fibers during bending tests. It is worth noting that the adhesion between the 

fibers-matrix is enhanced when the fiber's surface is pretreated with an alkaline solution [26]. The 

composites LLDPE/FU, LLDPE/FN, LLDPE/FNA and LLDPE/FNHA showed higher flexural stress at 

(15.56, 16.17, and 15.94 for LLDPE/F 15%) and (16.05, 17.23, 17.023 and 17.025 MPa for LLDPE/F 25%) 

respectively, due to a higher lignin content in FU, FN, and FNA, FNHA than in FNH, which is responsible 

for the rigidity of fibers [27].  

The H2O2 interacts with lignin components during the bleaching of fibers in peroxide solution, removing 

lignin from the fiber. It also interacts with the hydroxyl groups of hemicelluloses to eliminate humidity from 

the fiber and increase its hydrophobicity. Following delignification, fibers become more flexible and exhibit 

reduced stiffness. Acetylated palm fiber composites LLDPE/FNA have been found to exhibit greater 

flexural strength compared to LLDPE/FNH composites. This improved strength can be attributed to the 

alkaline pretreatment, which removes hemicellulose and extractives from the fiber, thus improving its 

surface characteristics. Furthermore, acetylation reduces polarity by covering hydroxyl groups in the fiber 

cell wall, replacing hydrogen atoms with acetyl groups [28]. 
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Figure II.17: Flexural strength of neat LLDPE, treated and untreated composites 25%. 

Figure II.18: Flexural modulus of neat LLDPE and untreated composites 15-25%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.3.2.2.   Flexural modulus  

a. Load Effect 

The fig II.18 presents the variations of flexural modulus for the composites studied as a function of the 

palm petiole fiber content (15-25%). It was found that neat LLDPE has an excellent modulus compared to 

LLDPE/FU composites. After using 15% of the loading, LLDPE/FU composites decreased flexural 

modulus. The reduced properties may be due to a lower amount of reinforcement materials distributed in 

the sample unevenly that cannot transfer stress from the matrix. flexural modulus increases by adding 25% 

of FU with 1.49% more than virgin LLDPE [8]. These mechanical results indicate good adhesion between 

the LLDPE matrix and the petiole fiber.   
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Figure II.19: Flexural modulus of neat LLDPE, treated and untreated composites 15%. 

b. Treatment effect 

As shown in fig II.19 and II.20, the flexural modulus shows a wiggle after adding fibers into the LLDPE 

matrix. A similar trend was also found by [29]. After treatment, The LLDPE/FN 15-25 % and 

LLDPE/FNHA 15-25 % composites show the most significant improvement (6728 MPa, 7693 MPa for 

15%) and (4870 MPa, 5173 MPa for 25%), respectively,  in flexural modulus; this is due to fiber bundles 

being broken and uniformly distributed, resulting in a better flexural modulus. In contrast, The LLDPE/FNH 

15% and LLDPE/FNA 15% composites revealed a slight reduction in flexural modulus (2257 MPa 1465 

MPa), respectively, compared to the LLDPE/FN 15% sample, which is likely due to partial deterioration of 

the structure of the FNH and FNA fibers. [3]. 

Compared to the untreated and treated composites, the acetylated composite  LLDPE/FNHA 15-25% 

has a high flexural modulus. Researchers hypothesized that the fiber's low polarity and high surface 

roughness treated successively with alkali, peroxide, and acetylation improved the compatibility of the fiber 

with the polymer matrix, resulting in excellent interaction between the two and even distribution of the 

fibers throughout the matrix [30]. 
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Figure II.21: Storage modulus of neat LLDPE and untreated composites 15-25%. 

Figure II.20: Flexural modulus of neat LLDPE, treated and untreated composites 25%. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

II.4.   Dynamic mechanical analysis (DMA) 

II.4.1. Storage modulus (E') 

a. Load Effect 

The variation of storage modulus of the untreated palm petiole fiber loadings (FU 15-25 %) reinforced 

LLDPE composites, and neat LLDPE composites are shown in Fig II.21. 
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Figure II.22: Storage modulus of neat LLDPE, treated and untreated composites 15%. 

It can be seen that the storage modulus of fiber composites increases with increasing the content in the 

LLDPE matrix, and the curve falls with increasing temperature. In the case of the pure LLDPE sample, 

there is the lowest storage modulus. It is due to the increased molecular mobility of the polymer chains 

above [31]. The allocation of FU particles can be attributed to two essential factors; The first is the excellent 

dispersion of these particles in the LLDPE matrix, and the second is the good interaction between the 

particles of the fibers and the matrix. 

 

b. Treatment effect 

The storage modulus (E') indicates the quantity of energy a material can store during one oscillation 

cycle [32]. It exhibits the temperature-dependent stiffness behavior and load-bearing capacities of composite 

materials. Fig II.22 and II.23. shows the storage modulus curves of LLDPE composites with 15-25 % of 

palm petiole fiber, treated and untreated, recorded at 1 Hz from 20°C to 80°C. At 20°C, pure LLDPE is less 

stiff, with a lower value of E' at 1100 MPa, and more flexible [33] compared to LLDPE composites such as 

LLDPE/FU, LLDPE/FN, LLDPE/FNH, LLDPE/FNA, and LLDPE/FNHA (1259, 1272,1200,1331 and 

1252 MPa for 15%) and (1594, 1508, 1510, 1539 and 1570 MPa for 25%) in the range of temperature 29–

34°C. The incorporation of fibers has been found to improve (E') and decrease with an increase in 

temperature  [34]. The stiff fibers reduce the molecular mobility of LLDPE, making the material more rigid. 

Higher values of E' indicate greater energy storage capacity and excellent interfacial adhesion between the 

matrix and fiber, as demonstrated by research [35]. The composites containing more lignin in fibers FU, 

FN, and FNA have higher E' due to considerable stress transfer at the fiber-matrix interface, reducing 

molecular mobility according to S. Shinoj et al [36]. 
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Figure II.23: Storage modulus of neat LLDPE, treated and untreated composites 25%. 

Figure II.24: Loss modulus of neat LLDPE and untreated composites 15-25%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.4.2.   Loss modulus (E") 

a. Load Effect 

Fig II.24 shows the effect of loadings of palm petiole fiber on the loss modulus of the LLDPE/FU 

composite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter II                                       Characterization of the Composites Elaborates 

 
 100 

Figure II.25: Loss modulus of neat LLDPE, treated and untreated composites 15%. 

It can be observed that the loss modulus E increases with the increase in temperature until it reaches a 

maximum value at a temperature equal to 49 °C for neat LLDPE, then decreases with the increase in 

temperature due to a reduction in the friction of the polymer chains. The relaxation peak broadened after 

incorporating FU, and the loss modulus of all composites is higher than neat LLDPE due to the internal 

fraction in composites that enhances the dissipation of energy where LLDPE/FU 25% composite showed 

the highest loss modulus [19], perhaps due to the higher percentage of natural fibers enhanced internal 

fraction. 

 

b. Treatment effect 

The loss modulus (E") represents the dissipated thermal energy of composites under applied energy 

[37]. Fig II.25 and II.26.  shows that the E'' value of pure LLDPE (100 MPa at 49 °C) was lower than that 

of composites reinforced with 15-25% of palm petiole fibers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The E'' values increased with the addition of FN, FNH, and FNA fibers due to the decreased mobility 

of the matrix chains. This is consistent with findings from other studies on OPF-LLDPE  and OPF-sisal 

fiber-natural rubber-reinforced composites [36, 38]. Among the composites, the loss modulus of the 

LLDPE/FNA 15% composite had the highest value of 123 MPa, followed by LLDPE/FU 15% with 118 

MPa and LLDPE/FN 15% with 117 MPa at a temperature range of 52–55 °C. This could result from the 

enhanced adhesion between the fibers and the LLDPE matrix [39]. The E'' curves of all composites peaked 

and fell as the temperature increased, indicating that most of the energy was dissipated due to the free 
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mobility of the polymer chains [40]. At elevated temperatures, the E'' of the LLDPE/FNHA composite 

decreased slightly to 115 MPa at 54 °C, possibly because the fiber prevented the polymer chains from 

moving freely [41]. Interestingly, for the internal fractions in composites that increase energy dissipation, 

the loss modulus of all composites was significantly better than that of plain LLDPE. But in LLDPE/FNH 

25%, we show a decrease of loss modulus due to a higher proportion of fibers that cannot mix properly with 

the matrix. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.26: Loss modulus of neat LLDPE, treated and untreated composites 25%. 

 

II.4.3.   Tan Delta  

a. Load Effect 

The tan δ temperature curve of LLDPE and untreated composites with different fiber loading is 

presented in Fig II.27. It was observed that tan δ increased at higher temperatures. In the tan δ value of 

LLDPE/FU composites at various fiber loadings, Only one peak was observed for all the composite samples, 

which indicates better interaction between fiber and matrix due to decreased heterogeneity in the composite. 

Higher Tan δ was observed for unfilled LLDPE except between temperatures of 20 to 80 °C, which indicates 

a higher degree of molecular mobility [42]. It can be summarized that heterogeneous fiber allows the 

temperature to infiltrate polymers. However, if the polymer and fibers are homogeneous and have strong 

bonding, then the polymer holds fibers and also protects from high temperatures, and maintains thermal 

stability.   
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Figure II.27: Tan Delta of neat LLDPE and untreated composites 15-25% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. Treatment effect 

Tan δ measures the frictional behavior of fibers and the molecular mobility of polymers in composite 

materials [31]. Fig. 11. shows the change in the value of tan δ as a function of temperature for treated and 

untreated palm petiole fiber reinforced LLDPE composites with 15-25% fiber loading, which were 

measured at 1 Hz in the range of 20°C to 80°C. At a temperature of 75°C, pure LLDPE exhibited a higher 

tan δ value of 0.2315;  similar results were discovered by [36] higher tan δ was observed for pure LLDPE 

except between temperatures of 100 °C and 25 °C. As shown in Figure 7, the energy dissipation coefficients 

for the reinforced LLDPE/F 15-25% composites (FU, FN, FNH, FNA, and FNHA) were found to be lower 

than that of pure LLDPE, with values of (0.2192, 0.2236, 0.2089, 0.223, and 0.2182 for 15%) and 

(0.1945,0.1877, 0.1923, 0.1801, 0.1877 for 25%), respectively, in the range of temperature 80-85°C. This 

shows excellent contact between the palm petiole fibers and the matrix, resulting in reduced composite 

damping due to the polymeric chains connecting to the petiole fibers [7], which reduces their mobility and 

friction, as suggested in reference [43]. Saba et al. [44] found that fiber agglomeration is another factor 

contributing to the reduced tan δ value, resulting from less polymer by volume in the composites. The drop 

in tan δ observed after chemical modification of the fibers was attributed to enhanced interaction between 

the treated fibers and LLDPE. This trend is similar to the observations of Aziz et al. [45] on long kenafe 

polyester composites. 
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Figure II.28: Tan Delta of neat LLDPE, treated and untreated composites 15%. 

Figure II.29: Tan Delta of neat LLDPE, treated and untreated composites 25%. 
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Figure II.30: Hardness shore A of neat LLDPE and untreated composites 15-25%. 

II.5.   Hardness 

a. Load Effect 
 

Material hardness is material resistance to penetration. The principle used to measure Shore A hardness 

is based on the strength of needle resistance that penetrates the material.  The results of this test are used to 

compare the hardness of composite materials. The measurement is done at one point of material and repeated 

at another end at a distance of 1 cm. In one data sample, 6 points were taken. Fig II.30 shows the effect of 

fiber loading on the hardness of composites. The curves clearly show the significant increase in hardness 

with the incorporation of untreated palm petiole fiber. This increase is all the more significant as the rate of 

fibers is high [12]. These results are predictable insofar as the palm petiole fiber has a hard character which 

increases the hardness of the LLDPE/FU 15-25% composites. this result indicates the decrease in flexibility 

and the increase in rigidity hardness values are a measure of resistance to wear and abrasion since hard 

materials are more resistant to friction. 
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b. Treatment effect 

After successive treatments, it can be seen in the Fig II.31 and II.32 that has increased with the addition 

of fiber in polyethylene from 15 to 25%. The fiber is very influential on the hardness of composite materials 

due to the higher the strength of the fiber and higher the content. The hardness of composite materials is 

affected by fibers treated with a 10% NaOH solution. The fibers' adhesion to the matrix material in the 

composite LLDPE/FN 25% increased by increasing the surface roughness of the fiber through NaOH 

treatment. The uniform distribution of the fibers throughout the composite results from enhanced adhesion 

between the fibers and the matrix, increasing the material's overall stiffness and strength. The NaOH/H2O2 

solution alters the surface properties, eliminates the lignin and hemicellulose that play a role in the hardness 

of the fibers, and makes the surface roughness, wettability, and chemical composition different. This 

decreases the adhesion between the fibers and the matrix and reduces the hardness of the LLDPE/FNH by 

97.3 composites compared to LLDPE/FU by 97.9. 

After double pretreatment, the NaOH and acetylation processes substantially impact the hardness of 

composite materials. The chemical modification technique of acetylation makes petiole fiber more reactive 

on the surface and more compatible with LLDPE matrices. Acetylated fiber can create a more influential 

band with the surrounding matrix when employed in composite materials, which leads to improved 

mechanical qualities such as raised hardness, stiffness, and strength [46]. The acetylation procedure also 

increases the fibers' dimensional stability and water resistance, increasing the composite material's overall 

durability. The adhesion between fibers and the matrix material in LLDPE/FNHA composites was improved 

by treating fiber with NaOH/ H2O2 and acetic anhydride solutions; this enhanced adhesion and increased 

mechanical properties, such as hardness. Removing the impurities and altering the surface chemistry of 

fibers with NaOH/ H2O2 results in a cleaner and more reactive surface. Encouraging chemical bonding 

between the two materials increases adhesion. The matrix material and these acetyl groups may react, 

improving adhesion and increasing hardness [47]. 
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Figure II.31: Hardness Shore A of neat LLDPE, treated and untreated composites 15%. 

Figure II.32: Hardness Shore A of neat LLDPE, treated and untreated composites 25%. 
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Chapter III : Characterization of Composite After Natural 

Weathering 

 

 

This chapter focuses on the behavior of LLDPE matrix composites reinforced with 15% of Palm petiole 

fibers after natural weathering (PPFw). The effects of aging will be evaluated by determining the exposed 

samples' morphological, physico-chemical, and mechanical properties. 

 

III.1.   Effect of natural weathering on the visual appearance (color) 

The color change is the first indication of the natural degradation of polymers and the composite. Fig 

III.1 represents the color change evolution of the samples during natural aging after 360 days. We notice 

that the models have changed color compared to the reference sample (0 days). 

Natural weathering causes significant color changes in biocomposite materials. There are main factors 

responsible for color change. UV radiation from the sun breaks down the chemical bonds in the polymers 

and fibers, leading to discoloration. Moisture, oxygen, the type of fibers, and the processing conditions 

affect the degree of color change during natural weathering. As shown in Fig III.1, LLDPE neat was not 

significantly influenced by aging. The bleaching kinetics of LLDPE/FUw, LLDPE/FNw, and 

LLDPE/FNAw  were more likely to discolor than LLDPE/FNHw and LLDPE/FNHAw cellulose-rich. This 

color variation is due to a decomposition of the lignocellulosic constituents sensitive to solar radiation and 

rain. Furthermore, lignin looks reactive to UV rays and degrades more easily than polysaccharides [1]. 

Indeed, it presents chromophoric groups, structures susceptible to light. Photochemical decomposition takes 

place in two steps: 

• The formation of paraquinone compounds following oxidation of the polymer chains of lignin manifests 

itself by a yellowing of the material. The reactions involved are lignin chain scission and 

demethoxylation. This last decomposition process is evidenced by a decrease in the level of methoxy -

OCH3 groups after exposure to ultraviolet light.  

• Reduction of paraquinones to hydroquinones causing surface whitening. 
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Figure III.1: Color change evolution of neat LLDPE, treated and untreated composite  

after 1 year of natural weathering 

Thus, chromophoric and moisture-sensitive compounds of lignocellulosic nature and present in 

natural fibers induce changes in the color and clarity of biocomposites through structural change and 

can affect their brightness during their life cycle [2].  

 

 

 

 

 

 

 

 

 

 

 

 

III.2.   Effect of natural weathering on weight loss 

Weight losses of LLDPE/PPF upon weathering could be assumed as an indicator of biodegradation in 

the natural environment and depend on many factors, including the type of fiber, the amount of fiber loading, 

the thickness of the composite, and the exposure conditions.  

Fig III.2 illustrates the variation in the weight of treated and untreated LLDPE/PPF composites as a 

function of exposure for 6-12 months; after recovery, the samples were washed, dried, and weighed. We 

can see that the mass loss increases as the aging time increases. This increase is more pronounced for 

composites treated than untreated composites and LLDPE. The porous structures enhance the accessibility 

of water, oxygen, and microorganisms into the polymer matrix and cause fractures in the LLDPE chains. 

Cellulosic materials were also degraded into a lower molecular weight compound [3]. The exposed surfaces 

permit moisture penetration that promotes microbial attack on the fiber and hydrolysis of the matrix 

component. These might contribute to the leaching out of the components to the outer surface and result in 

overall weight loss [4]. 
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Figure III.2: Weight loss of neat LLDPE, treated and untreated composite after 6 and 12 

months of natural weathering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III.3.   Effect of natural weathering on the morphological structure (SEM) 

The effect of natural aging was studied by examining the fractured surfaces of tensile testing samples 

of pure LLDPEw and treated and untreated composite after weathering with the scanning electron 

microscope (SEM). The obtained micrographs are shown in Figure III.3 (a, b, c, d, e, f), respectively. 

Fig III.3 (a) represents the SEM images of pure LLDPE after 360 days of weathering. The virgin 

LLDPEw presents a rough surface of the degraded sample. This is due to the formation of cracks and pits 

on the surface, which are the combined effects of UV radiation, oxygen, and water. Surface roughening 

increases dirt and grime adhesion, further accelerating the weathering process [5]. After the incorporation 

of 15% of fibers, Fig III.3 (b) shows the effect of natural weathering on the morphology of LLDPE/FUw. 

The micrograph shows a rough surface of the composite after 360 days and the formation of cracks, pits, 

and voids; it is worth noting that as the content of the fibers increased, more fungus colonized the surface 

of the samples, and larger pores were observed which can weaken the fiber and reduce its mechanical 

properties [6]. 

Natural weathering affects the morphological properties of LLDPE reinforced with FN and FNH shown 

in Fig III.3 (c) and 3 (d). The LLDPE/FNw and LLDPE/FNHw composites present more rough surfaces 

than the LLDPE/FUw composite, revealing that the surface cracks exposed the embedded fibers to the 

surface upon weathering [7]. The hygroscopic nature of PPF increased moisture absorption. It thus 

facilitated the formation of severe cracks in the composites. Thus, the fibers were easily seen, and the 
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(a) (b) 

detachment of PPF from the matrix proved that they had undergone degradation leading to poor fiber-matrix 

interactions. 

The fibers treated with NaOH and Hydrogen peroxide also accelerate the degradation process of the 

composite due to a decrease in fiber diameter and an increase in surface roughness. These changes can 

weaken the fiber and make it more likely to break [8]. 

After one year of natural weathering exposure, the LLDPE/FNAw and LLDPE/FNHAw composites' 

appeared some small cracks on the surface, Fig III.3 (e), 3 (f). The extreme daily changes in temperature 

and humidity cause surface cracking on the composites. As can be seen, cracks can be found throughout the 

blend surface, indicating the occurrence of photo and thermal degradation. Generally, biodegradation of the 

composites is believed to result from a microbial attack on polymer chains in amorphous regions; weight 

loss then begins, followed by a deeper microbial invasion along with humidity leading to the extensive 

degradation of the material [8]. 
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(c) (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(e) (f) 

Figure III.3:SEM micrographs of neat LLDPE, treated and untreated composite (a) LLDPEw, (b) LLDPE/FUw, (c) 

LLDPE/FNw, (d) LLDPE/FNHw, (e) LLDPE/FNAw and (f) LLDPE/FNHAw 
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Figure III.4: FTIR spectra of neat LLDPE, treated and untreated composite before natural weathering 

III.4.   FTIR Spectroscopy 

FTIR spectroscopy is a powerful tool for studying the degradation of composites. It can be used to track 

the changes in the functional groups of the composite as it degrades, which can provide insights into the 

degradation mechanism. The FTIR spectra of the pure linear low-density polyethylene LLDPE, treated and 

untreated LLDPE/PPF composites before and after one year of natural weathering aging are shown in Figure 

III.4. and III.5, respectively. 

Generally, shows characteristic peaks at 3468-3093 cm-1 (stretching of hydroxyl groups OH), 2921-

2852 cm-1 (stretching of CH and CH2 groups), 1738 cm-1 (carbonyl group), 1650 cm-1 (hydroxyl groups of 

adsorbed water), 1472 cm-1 (bending of CH2 groups), 1370-1329 cm-1 (bending vibration of CH and C-O 

groups), 1263 cm-1 (stretching of C-O groups), 1166 cm-1 (stretching vibration of C-O-C groups), 1045-

1020 cm-1 (vinyl group), and 730-619 cm-1 (stretching vibration of CH and CH2 groups).  
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Figure III.5: FTIR spectra of neat LLDPE, treated and untreated composite after natural weathering 

 

 

 

 

 

 

 

 

 

 

In other words, the FTIR spectra show that the pure LLDPE, treated, and untreated LLDPE/PPF 

composites all contain the same functional groups characteristic of these materials. Before weathering 

exposure, the spectra of the composites show some changes, but the characteristic peaks remain. The 

presence of these absorption bands in the composite spectrum indicates that the filler material is interacting 

with the LLDPE matrix. This interaction can improve the properties of the composite, such as its strength, 

stiffness, and toughness [9]. 

Figures III.6 (a, b), 7 (a, b) and 8 (a, b)  represent the FTIR spectra of the composites recorded in regions 

3600-3100 cm-1, 1800-1500 cm-1, and 1400-900 cm-1 before and after natural aging. 

• In the 3600-3100 cm-1 region described in Figure III.6 (a) and 6 (b): 

The O-H stretching peak in Fig III.6 (b) is higher than in Fig III.6 (a). This is likely due to hydroxyl 

groups produced when hydroperoxide and hydroxyl species are generated [10]. UV radiation is known to 

shorten the chain length of composites and form groups such as carbonyl, carboxyl, and hydroxyl. The 

appearance of the hydroxyl region in Fig III.6 (b) may be due to the O-H stretching of PPE exposed on the 

weathered composite surface [11]. 
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Figure III.6 : FTIR spectra of neat LLDPE, treated and untreated composite (a) before natural 

weathering and (b) after natural weathering in the 3600-3100 cm-1 region 
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• In the 1800-1500 cm-1 region described in Figure III.7 (a) and 7 (b): 

We notice in Fig III.7 (a) a reduction of the peaks in the stretching vibration of the C=O bond in carbonyl 

groups of hemicellulose and stretching vibration of the C=O bond stretching vibration of the C=C bond in 

aromatic lignin compounds. This peak is present in the spectra of treated and untreated LLDPE composites. 

However, the intensity of this peak is reduced in the spectra of treated composites LLDPE/FN and 

LLDPE/FNH. Also, we notice an augmentation of C=O peaks of acetyl groups in the composite 

LLDPE/FNA and LLDPE/FNHA. 

As seen in Fig III.7 (b) after weathering, the peak intensity of the C=O carbonyl group increased in 

LLDPE/FUw and LLDPE/FNHw composite due to the oxidation of the surface [12]. In addition, it is evident 

that the characteristic peaks of cellulose, hemicellulose, or lignin of PPF decreased with prolonged 

weathering is probably attributed to PPF being detached from the exposed composite surfaces, as shown in 

the later surface morphology micrographs. 

The formation of carbonyl groups after weathering confirms that photo-degradation took place and that 

the chemical structure of the composite was changed. As seen in Fig III.7 (b) compared to Fig III.7 (a), upon 

exposure to natural weathering, the band at 1738 cm−1, attributed to C=O vibration, the intensities of the 

functional groups seem to be slightly higher, indicating more deterioration of the system. This is probably 

due to the presence of PPF in the composites, which increases the carbonyl functionality and makes the 

composites more susceptible to degradation [12, 13]. It is also worth noting that the band associated with 

C=O stretching vibrations resulted from carboxyl groups in the xylan components of hemicelluloses and the 

chemical groups of lignin.   
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Figure III.7 : FTIR spectra of neat LLDPE, treated and untreated composite (a) before natural 

weathering and (b) after natural weathering in the 1800-1500 cm-1 region 

 

 

 

 

 

 

 

 

 

 

 

• In the 1400-900 cm-1 region described in Figure III.8 (a) and III.8 (b): 

By comparison, it can be seen that the intensity of the peak appearing at 1370 cm−1 assigned to C-O 

stretching (cellulose, hemicellulose, and lignin) becomes broader and stronger upon exposure to natural 

weathering. 

The peaks at 1045 and 1020 cm-1, as shown in Figs III.8 (a) and III.8 (b), which correspond to the vinyl 

group, seem to increase with weathering. This is likely due to UV light's scission of the LLDPE chains. The 

increase in the vinyl group concentration indicates that carbonyl degradation has occurred. However, the 

degradation of LLDPE/PPF composites may not be directly caused by the chain scission of the LLDPE 

matrix. It could also be due to the degradation of the PPF constituents. Parameswaranpillai et al [3] found 

that the formation of the vinyl group upon weathering results from carbonyl degradation due to polymer 

chain scission in both the matrix and the natural fiber. The formation of the vinyl group is usually delayed 

in the early stage of natural weathering. Still, it increases steeply as weathering time increases due to the 

degradation of the polymer matrix [14]. 

 

 

 

(b) 
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Figure III.8 : FTIR spectra of neat LLDPE, treated and untreated composite (a) before natural 

weathering and (b) after natural weathering in the 1400-900 cm-1 region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, the FTIR spectra of the treated composites are similar to those of the untreated samples, 

with the same absorption bands but different intensities. This suggests that both treated and untreated 

composites undergo the exact degradation mechanism. Therefore, it can be inferred that the treatment 

accelerates the degradation process. 

 

(a) 

(b) 
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Figure III.9: Tensile strength of neat LLDPE and untreated composites before and after natural weathering 

III.5.   Effect of natural weathering visual on the mechanical Properties 

III.5.1.   Tensile testing 

III.5.1.1.   Tensile strength 

The evolution of the tensile strength of pure LLDPE, treated and untreated composites before and after 

one year of natural weathering is illustrated in Fig III.9. Which was reduced by 10% due to UV radiation 

and oxygen causing chain scission in the LLDPE molecules, decreasing tensile strength. Moisture also 

degrades the tensile strength of LLDPE by making it more susceptible to chain scission [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As described in the literature, natural fiber-reinforced composite materials show a faster loss of strength 

than other materials. However, this research showed an increase in the tensile strength of treated and 

untreated composite after one year of aging compared to composite before aging. The weathering process, 

which includes UV radiation and moisture, induces changes in a composite material's polymer matrix and 

fibers [16]. These changes affect the material's properties, such as its tensile strength. UV radiation causes 

the polymer matrix to undergo cross-linking, a chemical reaction that creates stronger bonds between the 

polymer chains. This cross-linking increases the tensile strength of the composite. The fibers also undergo 

fibrillation, which is the splitting of the fibers into smaller fibers. This also increases the composite's 

strength, as the smaller fibers have a higher surface area-to-volume ratio and better interlock with the 

polymer matrix. Weathering causes the natural fibers in the composite to recrystallize, which is a process 

that rearranges the fiber's molecular structure [17]. This recrystallization increases the tensile strength of the 
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Figure III.10 : Young's modulus of neat LLDPE and untreated composites before and after 

natural weathering 

fiber. It is important to note that the increase in tensile strength after one year of weathering is only 

sometimes observed. The extent of the increase will depend on several factors, including the type of natural 

fibers used, the type of polymer matrix used, and the weathering conditions [18]. 

Overall, the effect of weathering on the tensile strength of composite-reinforced natural fibers is 

complex and depends on some factors. In some cases, the tensile strength can increase after one year of 

weathering, while in others, it decreases.  

III.5.1.2.   Young’s modulus 

The evolution of Young's modulus of pure LLDPE, treated and untreated composites before and after 

one year of aging is illustrated in Figure III.10. It is noted that the modulus increases in pure LLDPEw, 

LLDPE/FNw, LLDPE/FNAw, and LLDPE/FNHAw with (506.327, 653.6785, 619.9423, 498.4601, 

566.3519, and 584.1809 MPa), respectively; this increase is due to the increase in crystallinity analysis. 

According to [19, 20], The fibers and matrix in a composite material are typically held together by weak 

van der Waals forces. However, when the composite material is exposed to water and oxygen, these forces 

can be replaced by stronger chemical bonds. This will also increase the stiffness of the composite material. 

Chemical degradation would be manifested by chain breaks leading to increased crystallinity, increasing 

Young's modulus. 
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General Conclusion 

 
 

Recent decades have been marked in the field of materials by the remarkable evolution of composites 

based on natural fibers, which are increasingly used in exterior and structural applications, particularly in 

construction, covering, and packaging. This doctoral project is part of a broad theme aimed at developing 

biocomposites reinforced by lignocellulosic fibers produced when the palm is present in significant 

quantities. The extraction of these bio-reinforcements or surface modifications remains essential. Thus, one 

of the priority challenges to be met currently is to find environmentally irreproachable ways and means for 

these purposes while controlling the cost of production. 

The main goal of this thesis was to set up a process for successive treatment of palm petiole fiber for 

surface modification of these fibers. More specifically, it was a question of: 

How do the NaOH and hydrogen peroxide treatments and acetylation treatment affect the properties of 

palm petiole fibers and their interaction with LLDPE? And can these composites withstand external 

environmental factors? 

linear low-density polyethylene /petiole fiber composite mixtures (15 and 25%) were prepared by mono-

screw extrusion. Firstly, we were particularly interested in the adhesion problem to the fiber/matrix 

interface. We were particularly interested in the adhesion problem to the fiber/matrix interface. Furthermore, 

we chose three modes of successive treatment. The first treatment consists of modifying the petiole fibers 

by mercerization, the second is blanching by hydrogen peroxide, and the final treatment is acylated with 

acetic anhydride. Several characterization techniques collected as much information as possible on the 

treated and untreated petiole fiber and processed on the different composites developed and studied the 

effect of natural weathering on the properties of LLDPE composite reinforced with palm petiole fibers. 

 

The results of FTIR spectroscopy of treated and untreated palm petiole fiber reveal that the mercerization 

reaction was confirmed by the decrease in the absorption band of the OH groups located at 3340 cm-1. The 

disappearance of the absorption bands at 1723 cm-1 and 1224 cm-1 corresponds to the C=O and C-O bonds 

of the acetyl group of hemicelluloses and the C-O-C bond of lignin, respectively. FTIR spectra revealed that 

the two-step modification method (alkaline and blanching) in palm petiole fibers (FN, FNH) has a more 

critical ability to remove non-cellulosic materials, particularly lignin. For petiole fiber treated with acetic 

anhydride, the results of the IRTF analysis made it possible to confirm the acetylation reaction, confirmed 

by the pairing of a band absorption in the region between 1723 and 1238 cm-1, characteristic of axial 

deformation of (C=O)-O and C=O from acetyl groups. 
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The SEM results show that the alkaline treatment removes impurities such as hemicellulose, lignin, and 

pectin, which enhances adhesion to the polymer matrix. It also causes the fiber to swell and become more 

flexible, increasing its surface area and flexibility. Hydrogen peroxide treatment removes the cuticle (waxy 

layer) from the fiber surface and opens the fiber lumen, allowing water and other molecules to penetrate the 

fibers. This results in decreased fiber diameter and a change in the fiber surface morphology. Acetylation 

treatment replaces the hydrogen atoms in the hydroxyl groups of the fiber cell membrane with acetyl groups. 

This reduces the fiber's polarity, removes waxy material from the surface, and causes the fiber diameter to 

increase slightly. It also reduces the roughness of the fiber surface and increases the fiber's crystallinity. 

The ATG, DTG, and DSC thermograms show that treated petiole fibers are more thermally stable than 

untreated fiber. These surface modifications play a major role in the bond between the matrix and the filler 

during the development of composite materials. 

 

SEM images confirmed the behavior of untreated and treated fibers in composites. The interfacial 

interaction between the fibers-matrix was improved after treatment. The LLDPE/FNHA composite had 

better interfacial bonding, homogeneity, and fiber distribution than the other fiber composites, which 

resulted from removing the amorphous material from the fiber surface after chemical treatments.  

The thermal analysis showed that incorporating the fiber into the LLDPE matrix augments the 

temperature at which decomposition begins, and the successive treatment of fiber makes a composite more 

stable and more biodegradable. 

The treated fibers substantially impact the composite's hardness by adding stiffness to the polymer. 

usually results in an improvement in the mechanical properties, which was observed in LLDPE/FNA and 

LLDPE/FNHA composites, which provided 108% and 116% increases in tensile strength, respectively, in 

comparison to other composites. The higher stiffness and good fiber-matrix bonding of the composite 

decreased the molecular mobility of LLDPE, indicating a greater capacity to store energy, resulting in a 

high storage modulus in treated composites LLDPE/FN and LLDPE/FNA. At elevated temperatures, the 

loss modulus of the LLDPE/FNHA composite was slow due to the fiber preventing the polymer from free 

mobility. The higher tan δ was found for pure LLDPE, and reinforced composites have lower energy 

dissipation coefficients; composite damping has been significantly reduced due to polymeric chains 

connected to the petiole fibers. 

The molecular structure, mechanical properties, and shape of LLDPE/PPFw composites changed after 

exposure to natural weathering for one year. SEM images clearly show that the degradation is severe with 

aging and characterized by significant damage. Furthermore, by FTIR spectroscopy analysis, we noticed 

the formation of various oxidation products, mainly in the hydroperoxide and carbonyl regions. Young's 
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modulus would increase if the crystallinity rate went up because the amorphous parts of the LLDPEw would 

rearrange themselves as it breaks down in chain scission reactions. 

Finally, this study suggests that palm petiole fibers reinforce linear low-density polyethylene (LLDPE). 

Using natural fiber-reinforced composites in engineering is intelligent because they have the same 

mechanical properties as synthetic fibers and lower environmental effects. The scientific researcher must 

also do more to stimulate and support using natural fibers improved in polymeric materials, which may be 

employed with a high potential for several applications. NFC is currently being employed in electronics and 

sports equipment in ways that will help them gain a significant market share. 
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Mechanical analysis 

a. Tensile testing 

Sample Tensile strength Young’s modulus 

LLDPE 22.18094 503.3858 

LLDPE/FU 15% 13.4 649.80247 

LLDPE/FN 15% 13.50483 258.33 

LLDPE/FNH 15% 14.54246 487.62963 

LLDPE/FNA 15% 14.45742 426.90693 

LLDPE/FNHA 15% 15.6179 428.46914 

LLDPE/FU 25% 12.46311 756.61728 

LLDPE/FN 25% 11.74641 522.58333 

LLDPE/FNH 25% 12.91832 532.9188 

LLDPE/FNA 25% 13.15885 544.82716 

LLDPE/FNHA 25% 13.14871 542.20133 

 

 

 

 

 

 

 

Sample Tensile strength Young’s modulus 

LLDPEw 20.45001 506.327 

LLDPE/FUw 15% 16.00541 627.6785 

LLDPE/FNw 15% 15.79848 619.9423 

LLDPE/FNHw 15% 14.97147 468.4601 

LLDPE/FNAw 15% 15.15567 566.3519 

LLDPE/FNHAw 15% 16.39186 584.1809 
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b. Flexural testing 

Sample Flexural strength Flexural modulus 

LLDPE 12.8639 5882.556 

LLDPE/FU 15% 15.556 3198.889 

LLDPE/FN 15% 16.17834 6723.389 

LLDPE/FNH 15% 15.28147 2256 

LLDPE/FNA 15% 15.94595 1472 

LLDPE/FNHA 15% 15.95739 7690.333 

LLDPE/FU 25% 16.05716 4749.833 

LLDPE/FN 25% 17.23641 4870.889 

LLDPE/FNH 25% 17.40191 3999.667 

LLDPE/FNA 25% 17.02352 2188.556 

LLDPE/FNHA 25% 17.02592 5173.889 

 

c. Hardness  

Sample D1 D2 D3 D4 D5 D6 Average 

LLDPE 98.2 96.9 96.7 98.2 97.9 99.6 97.91667 

LLDPE/FU 15% 95.3 97.1 98.6 97.9 98.1 95.5 97.08333 

LLDPE/FN 15% 96.9 95.8 98.9 97.8 96.3 98.7 97.4 

LLDPE/FNH 15% 95.6 98.5 96.2 98.9 96.3 98.7 97.36667 

LLDPE/FNA 15% 96.5 97 97.9 98.9 96 98.7 97.5 

LLDPE/FNHA 15% 97.2 96.2 98.2 98.1 97.7 97.8 97.53333 

LLDPE/FU 25% 97.3 98 98.7 97.5 98.8 98.8 98.18333 

LLDPE/FN 25% 97 97.6 97.8 97.7 96.6 98.8 97.58333 

LLDPE/FNH 25% 94.5 95.3 97.3 98.3 97.9 98.5 96.96667 

LLDPE/FNA 25% 97.4 97.3 98.6 95.2 96.2 96.8 96.91667 

LLDPE/FNHA 25% 96.9 96.4 98.1 97.9 97.8 96.5 97.26667 

 


