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GENERAL INTRODUCTION 

Since the advent of plastics in the early 1933s, researchers from academia and the petrochemical 

industry have been competing to create novel polymers with diverse properties to meet market 

demands while keeping costs low. The most often used approach for chemically synthesizing 

polymers is polymerization, which involves beginning from a building block called a 'monomer'. The 

growing demand for polymeric materials has led to a large growth in the demand for highly 

specialized polymers with specific characteristics. As a result, the scientific community has been 

compelled to devise innovative methods for the production of these polymers. By utilizing 

chemistry, it became feasible to construct polymers with desired properties by deliberately 

incorporating particular types of molecules in a controlled manner through copolymerization 

techniques. This process leads to the creation of a polymer that combines the characteristics of two 

or more polymers that have been mixed together. This result has significantly advantaged humanity 

and resolved various types of issues that were prevalent in the market. In addition, like the 

polymerization reaction, this approach also suffers from the disadvantages of being complex and 

expensive [1]. Polymer blending, the inclusion of fillers into the polymers to create a composite 

material, or even chemically modifying the molecular chains by functionalization or crosslinking are 

all cost-effective methods to alter the end properties of the polymer. Blending binary, tertiary, or 

even more polymers together is a cost-effective way to combine the performances of the component 

polymers, or at least to get the properties of one of them in comparison to polymerization or the 

copolymerization method [2]. The technique of reinforcing polymeric materials with organic or 

inorganic substances of varying sizes is widely used to modify their properties, flow characteristics, 

and reduce expenses. Additionally, if the filler particles are effectively dispersed and bonded to the 

polymer chains, this technique can also enhance the mechanical, thermal, and barrier properties of 

the materials [2, 3]. 

High-Density Polyethylene (HDPE) has long been recognized as a highly popular and widely utilized 

polymer because to its exceptional characteristics, including impressive tensile strength, rigidity, 

resistance to chemicals, lightweight nature, ease of processing, and resistance to both chemicals and 

water. Additionally, it is renowned for its ability to be recycled, its affordability, its adaptability, its 

durability, and numerous other characteristics [3, 4]. Polybutene-1 (PB-1) is a polymorphic polymer 

with a high molecular weight and a chemical structure that is similar to polypropylene (PP). It 

possesses an isotactic and semi-crystalline structure [1]. PB-1, similar to other polyolefins, exhibits 

favorable chemical resistance, resistance to environmental stress cracking, and notably, exceptional 
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creep qualities even under high temperatures. It also demonstrates outstanding flexibility and 

elasticity, resistance to abrasion, and strong puncture resistance when used in film applications [5–

11], It is an excellent option for products that need to be highly durable, such as pressurized tanks 

and plumbing pipes for hot and cold water. This is particularly true for pressurized pipes that come 

into contact with chlorinated water, as they have a longer lifespan compared to regular polyolefin 

pipes. Additionally, it is suitable for technical products like easy-to-peel packaging for cereals, coffee 

powder, meat, and frozen foods storage, as well as hot melt adhesives [12, 13]. A wide variety of fillers, 

which can be either naturally obtained or artificially produced, are employed in polymeric materials 

as functional modifiers or as inert fillers to decrease the cost of the final product. Diatomite, also 

referred to as diatomaceous earth or kieselguhr [14, 15] , is a specific category of fillers. Hydrated 

amorphous silica (SiO2, nH2O) is a substance with a structure consisting of water molecules and 

silicon dioxide. It has a size of a few tens of micrometers. This substance is known for its exceptional 

characteristics, including being lightweight, having low density, being resistant to chemicals, having 

a large surface area, being able to withstand high temperatures, and having high porosity. As a result, 

it has become widely used in various industries such as food, cosmetics, pharmaceuticals, 

petroleum, chemicals, coatings, plastics, and rubber [16]. Due to its porous structure, high surface 

area, and excellent chemical resistance, it serves as an effective filtration medium for various organic 

and inorganic substances [17, 18]. Given its nanoscale pore size [19] and mostly silica composition, it 

was considered a promising nanofiller option for polymeric materials [20–22]. 

The present thesis explores the effect of the Diatomaceous earth filler and the reversible 

crosslinking reaction agent (RXR) on two types of polyolefin polymers, High density polyethylene 

and Isotactic polybutene-1 (PB-1). Various characterization methods were employed to examine the 

rheological, mechanical, thermal, structural and morphological characteristics of 

HDPE/Diatomaceous earth and PB-1/Diatomaceous earth microcomposites, both in the absence 

and the presence of the RXR agent. Diatomaceous earth filler was employed seeking the 

improvement of the thermal stability and the mechanical properties of the both polymers if possible. 

Meanwhile, the purpose from the inclusion of the RXR agent into both composites systems, was to 

investigate its effect on the dispersion of the filler and the possible surface modification of the later, 

resulting in a possible improvement of the mechanical properties and structure modification in the 

case of PB-1. 
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The present thesis was divided into four main chapters, as follow: 

Chapter I:  A literature review on polyolefins, composite materials and specifically diatomite-based 

composites and polymer chemical modification; 

Chapter II: Describes the materials used, the preparation methods and the various techniques 

used during characterization; 

Chapter III: Investigate the Enhancement of High-Density Polyethylene (HDPE) Performance with 

Diatomaceous earth filler and a Novel Reversible Crosslinking Reaction Agent (RXR); 

Chapter IV: Studies the Improving isotactic polybutene-1 (PB-1) performance with Diatomaceous 

earth filler and a novel reversible crosslinking reaction agent (RXR). 

Finally, we conclude our work with a general conclusion and perspectives. 
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CHAPTER I.  LITERATURE REVIEW ON POLYOLEFINS, COMPOSITE MATERIALS 

AND PHYSICAL AND CHEMICAL MODIFICATION TECHNIQUES 

I.1. Polyolefins 

A polyolefin is a polymer produced from an olefin or alkene as a monomer. By definition, an olefin 

or alkene is unsaturated chemical molecule containing at least one carbon to carbon double bond 

as can been from Fig I.1. From recent statistics, the annual production of polyolefins was estimated 

to represent about 63% of the total polymer production worldwide, reaching nearly 28 Tons for 

LDPE, 43 Tons HDPE and 80 Tons of PP in 2020 [1]. Polyolefins are composed mainly by three types 

of polymers: Polyethylene, polypropylene and polybutene-1 as illustrated in Fig I.2. 

 

Fig I.1. Olefin structure. 

 

Fig I.2. Polyolefins polymers. 

 



 

7 | P a g e  
 

 

I.1.1. Polyethylene (PE) 

Polyethylene was first discovered in the beginning of 1933 by accident, where two chemists, Eric 

Fawcett and Reginald Gibson were trying to condense ethylene with benzaldehyde at high pressure 

and temperature (142 MPa and 170°C), which resulted in the apparition of small residue that was 

concluded later to be polyethylene. After this discovery, researchers from the Imperial Chemical 

Industries (ICI) continue to work on the polymerization of polyethylene where they finally 

succeeded in producing larger amounts in the late of 1935 and ultimately commercialized in 1939 

into what is known these days Low-Density Polyethylene (LDPE) [1].  

I.1.1.1. Classification and types of PE 

Considering it density range, polyethylene was classified by the society of the plastic industry (SPI) 

as follow: 

1. Very-low density polyethylene (VLDPE): Also known as ultra-low-density PE (ULDPE), 

produced by Ziegler-Natta catalysts using α-olefin comonomers, having a density from 0.855 

to 0.915 g/cc. selected grades of VLDPE produced with single-site catalysts are known as 

polyolefin plastomers (POP) and polyolefin elastomers (POE), both displaying a 

thermoplastic and rubbery characteristic at the same time; 

2. Low-density polyethylene (LDPE): produced only by free radical polymerization of 

ethylene induced by organic peroxide or reagents readily decomposes into free radicals. 

LDPE is the most easily processed of major types of PE and is often blended with LLDPE and 

HDPE to improve their processability. Due to the high branching degree, it contains high 

amorphous content resulting in an outstanding clarity in films for food packaging industry; 

3. Linear low-density polyethylene (LLDPE): produced by copolymerization of ethylene with 

α-olefin using Ziegler-Natta, supported chromium or single site catalysts and cannot be 

polymerized by free radical polymerization resulting in a density of 0.915-0.930 g/cc. 

butene-1, hexene-1 and octene-1 are the most common comonomers resulting in LLDPE with 

short chain branches of ethyl, n-butyl and n-hexyl groups respectively. The mechanical 

properties of LLDPE are more superior to those of LDPE, but due to its low amorphous 

content, it tends to produce a less clear films compared to LDPE based films; 

4. Medium-density high-density polyethylene (MDPE or MDHDPE): produced by 

copolymerization of ethylene with α-olefin using Ziegler-Natta, supported chromium or 

single site catalysts. MDPE has a linear structure similarly to LLDPE with the only difference 
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in the low content of comonomers. With a density 0.93-0.94 g/cc, MDPE is used in 

geomembrane and pipes applications; 

5. High molecular weight HDPE (HMWHDPE): produced by Ziegler-Natta or chromium 

supported catalysts and it’s characterized by its high molecular weight (200000-500000 

amu) and a density of 0.94-0.96 g/cc. used in pipes and automotive fuel tanks; 

6. Ultra-high molecular weight polyethylene (UHMWPE): produced by Ziegler-Natta 

catalysts and it’s characterized a very high molecular weight (3000000-7000000amu) and a 

density similar to HDPE of 0.94 g/cc due to the crystalline defects and lamellar effects caused 

by the enormously long polymer chains, resulting in an excellent impact strength and 

abrasion resistance. UHMWPE is considered to be tough to process on standard machines 

but could be molded via compression molding process into a variety of products, such as 

prosthetic devices like artificial hips or extruded into a tough fiber used in the manufacturing 

of bullet proof vests;    

I.1.1.2. High-Density Polyethylene (HDPE) 

HDPE is composed mainly by carbons and hydrogen molecules, polymerized from an ethylene 

monomer using a Ziegler-Natta catalyst. The degree of branching is much lower in the case of HDPE 

as in LDPE as shown in Fig I.3 [2] , which results in higher degree of crystallinity (50-90%), higher 

density (0.94-0.96 g/cc) and also a higher melting temperature (130-138°C), thus leading a much 

superior properties such as, the tensile strength, stiffness, chemical resistance, ease of processing, 

chemical and water resistance. It also known for its recyclability, low cost, flexibility, toughness, 

along with many other features [3, 4].  

However, accompanying these advantages features, it also lacks the resistance to stress cracking, 

low temperature brittleness, high mold shrinkage [5], low melting temperature, which restricts its 

use in high temperature conditions, and non-polarity, hindering its adhesion to metallic or polar 

surfaces and due to its high crystallinity, it cannot match the clarity of LDPE or LLDPE films. HDPE 

found its place in many applications, like in potable water pipes, blow molded household packaging 

and industrial chemicals like bottles for bleach, shampoo, detergent, etc. [1, 6] .  
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Fig I.3. HDPE, LLDPE and LDPE structures. 

I.1.2. Isotactic Polybutene-1 (PB-1) 

Polybutene-1 was synthesized for the first time in 1954 [1, 7]  right after the year when PP was 

synthesized for the first time, yet it was not manufactured in large scales only after 10 years later. 

Depending on the position of the carbon double bond in the monomer, polybutene could appear in 

linear form if the double bond lies between the first and second carbon atoms of the monomer 

(butene-1), resulting in what is called polybutene-1 (PB-1), which a chemical structure similar to 

PP, as shown in Fig I.4. Whereas, the branched monomer results in a totally different polymer called 

isobutylene (PIB). PB-1 is produced from the polymerization of butene-1 with Ziegler-Nata catalysts 

resulting in a more linear, high molecular weight, isotactic and semi-crystalline structure [1]. it’s 

known to be a polymorphic polymer, characterized by four distinctive crystalline forms, called form 

I, I’, II and III, with form I/I’ both having a hexagonal unit cell structure, while form II and III having 

a tetragonal and orthorhombic structures respectively. The formation of each crystal form is 

dependent on the preparation condition and the manner of how they were processed. During 

cooling from the melt, PB-1 crystallizes rapidly into the metastable form II under ambient 

conditions. In a time, duration of several days up to a couple of weeks, PB-1 gradually and 

spontaneously transform into a more thermodynamically stable form I, under which it possesses 

the most superior and favorable properties and higher melting point [8–14]. Beside the outstanding 

characteristics offered from the Form I crystalline structure, yet it still shows some drawbacks, like 

the long time consuming during the transformation and the outcomes of such transitioning process, 

like the shrinkage that results in defects in the final product [13, 15, 16]. 
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Form I’ has a similar unit cell structure as Form I, forming from solution precipitation or under 

applied pressure, yet it has a different melting point. Form III on the other hand, is the least perfect 

crystal modification, resulting from dried solutions [13] .  

 

Fig I.4. Polybutene-1 Structure. 

Characteristics and application fields 

With different crystallinity degree, differs its physical and mechanical properties, thus its 

application field. Like the other polyolefins, PB-1 offers a good chemical resistance, endurance to 

environmental stress cracking and more particularly, excellent creep properties even at elevated 

temperatures, good flexibility and elasticity, abrasion resistance and high puncture resistance in 

film applications [11, 17–21], which makes it a good choice for high durability requiring products, like 

pressurized tanks, hot and cold water plumbing pipes, especially pressurized pipes that are exposed 

to chlorinated water due to their long term performance in comparison to regular polyolefins pipes 

[22] and other technical products, such as easy-to-peel packaging for cereals, coffee powder, meat 

and frozen foods storage and hot melt adhesives [12, 14, 17, 19]. Since the crystalline form I is the most 

favorable modification in term of physical and mechanical properties, transformation from Form II 

to Form I was the main focus of the researchers. X. yang et al [17], investigated the phase transition 

of iPB-1 from form II to I induced by stretching under different tensile conditions at atmospheric 

temperatures, where it was found that when stretched to strains beyond yielding point, iPB-1 shows 

an accelerated phase transition rate. Other orientation and mechanical approaches were utilized to 

accelerate the transformation rate [16, 20]. Blending polymers with iPB-1, was another method for 

accelerating the phase II to I transformation rate. A. Liang et al [15], have found that the addition of 

iPP in small ratios into iPB-1 enhance greatly the transformation rate from Form II to Form I. Lou et 
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al [9], found that grafting polyethylene glycol (PEG) into iPB-1 chains enhanced the crystallization 

behavior and significantly accelerated the phase II to I transition. M. Kaszonyiova et al [10], found 

that exposing iPB-1 to solvents such as gasoline, toluene, xylene, benzene trichloromethane have a 

positive influence on the transitioning rate from Form II to I. Compounding iPB-1 with additives is 

another potential mean of accelerating the transformation rate. Nanofillers, like nanosilica and nano 

layered silicate were found to possess a noticeable accelerating effect on the phase II to I 

transformation [8, 23]. On the other hand, the addition of other additives, such as mica, sodium 

chloride, graphite and talc were found to have a retarding effect on the crystallization rate [16]. 

I.2. Composite materials 

Blending binary, tertiary or even more polymers together is a cost-effective way to combine the 

performances of the component polymers or at least to get the properties of one them in 

comparison to polymerization or copolymerization method [24]. A very good example is mixing an 

elastomer with a rigid polymer in order to balance between the toughness and stiffness. Reinforcing 

polymeric materials with different sized organic or inorganic substances is very common technique 

to alter its properties, its flow behavior, reducing the cost and even improve the mechanical, thermal 

and barrier properties if the filler particles are well dispersed and adhered to the polymer chains [4, 

24]. On the other hand, the incorporation of nano-sized fillers into polymeric matrix to produce what 

it is known as a nanocomposite, was found to be far more interesting in term of the yielded 

properties even at small ratios of the filler. Multi-walled carbon nanotubes (MWCNT) are one 

example of the nanofillers used in polymeric materials, as its incorporation with HDPE showed a 

great enhancement in the wear resistance properties [25]. The incorporation of conductive fillers into 

polymer matrix, such as carbon black (CB), carbon nanotubes (CNT) or graphene nanoplatelet 

(GNP) results in increment of both the electrical and thermal conductivity, which turn out to be 

useful in the electronic industry [4]. 

I.2.1. Diatomaceous earth-based composites 

I.2.1.1. Diatomaceous earth  

Diatomite, also known as Diatomaceous earth or kieselguhr [26, 27], is a sedimentary rock formed by 

fossilized diatom shells (or frustules). The latter are mainly composed by hydrated amorphous silica 

(SiO2, nH2O) in the order of few tens of nanometers, along with other organic impurities, clay and 

metal oxides.  It could be found in different colors depending on its composition, from light colored 
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white, yellowish up to a darker brownish color which is caused by the organic impurities present 

on its surface and within its pores [28]. 

Owing to its outstanding features, such the light weight, low density, chemical resistance, high 

surface area, thermal resistance and high porosity, it gained a great popularity in many industrial 

fields, from the food sector, cosmetics, pharmaceutical, petroleum, chemical and also in the coating, 

plastic and rubber industries [5]. The porous structure and the high surface area along with its good 

chemical resistance, makes it a great filtration media for a different type of organic and inorganic 

materials [29, 30] and since it possesses a nanometer pore [28] and its mainly formed by silica, it was 

seen as a good candidate as a nano filler for polymeric materials [31, 32]. 

I.2.1.2. Study cases  

Several studies were conducted on the Diatomaceous earth-based composites. Zhan, F et al, [33] 

studied the effect of the pristine Diatomaceous earth content on the thermal and abrasion 

properties of the PVC/Diatomaceous earth composites, where a noticeable increase in thermal 

resistance and the abrasion properties were observed by the increase of the Diatomaceous earth 

content (from 0 to 80 phr), while both the tensile strength and the impact resistance decreased. In 

another study, Wu, G et al, [29] investigated the effect of the surface treated Diatomaceous earth on 

the thermal and mechanical properties of PVC/Diatomaceous earth composites, where the 

Diatomaceous earth was first cleaned with hydrochloric acid in order to remove the adhered 

impurities, and the metal oxides in particular on both the surface and within the pores, and then 

treated with silane coupling agent to improve the interfacial interaction with the polymeric matrix. 

It was found that both the impact strength and the thermal stability of the composites decreased at 

higher Diatomaceous earth concentration due to agglomeration of the latter. Wang, K et al [32] 

investigated the thermal, mechanical and morphological properties of LDPE filled with titanate 

coupling agent surface modified Diatomaceous earth. It was observed that the Diatomaceous earth 

affected the crystallization of the LDPE, where it was seen to forward the crystallization and reduced 

its rate, while the titanate coupling agent improved the dispersion of the filler in the polymer matrix 

as can be seen from the SEM micrographs. Sever, K et al [5], studied the effect of Diatomaceous earth 

content (5, 10, 15 and 20 %) on HDPE properties, where no considerable changes were seen on the 

tensile and flexural strengths due to the poor interactions between the filler particles and the HDPE 

matrix as revealed from the SEM micrographs, whereas a decrease by 7% in the thermal endurance 

and an increase in the stiffness were observed by the increase of the Diatomaceous earth 

concentration. PP/Diatomaceous earth composites properties were investigated after the 
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Diatomaceous earth were surface modified by four types of coupling agents [30]. PLA/Diatomaceous 

earth bio-composites properties were investigated in the presence of malenized linseed oil (MLO) 

as a compatibilizer and a bio-plasticizer [31], where the Diatomaceous earth addition seemed to 

induce a more embrittlement behavior in the PLA matrix (Increased the stiffness) due to the stress 

concentration phenomena, whereas the MLO induced a better dispersion of the filler particles in the 

matrix as shown from SEM micrographs. Diatomaceous earth was also used as a reinforcement filler 

for rubber materials in replacement to carbon black and silica. In a study performed by Wu, W et al,  

[34] Where they used a silane (Si69) treated diatomaceous earth after purification with sulfuric acid 

as a reinforcement filler for several types of synthetic rubbers, and it was found to be most efficient 

in the case of florin rubbers, EPDM and acrylate rubbers.   

Beside acting as a filler in the polymeric composites, Diatomaceous earth was also used as an 

additive. In recent advancement in the packaging industry, a new type of packaging system known 

as active packaging is now being used, where some active components such as antioxidants and 

antimicrobials are imbedded into the polymer matrix or encapsulated into different 

particles/microcapsules to control their release during the storage time of food. Clays such as 

Montmorillonite (MMT) and Halosite nanotube (HWT) were used as carrier for these types of active 

agents. Recently, Diatomaceous earth was also proven to be a good candidate as a carrier for active 

agents due its high porosity and chemical resistance [31]. 

Diatomaceous earth was also used as processing aid in combination with polyethylene glycol (PEG) 

[35], where it showed a better effect on reducing the viscosity of the mLLDPE in comparison to the 

PEG alone. In another study, Shih, Y et al, [36] have successfully developed an eco-friendly halogen 

free flame retarding system based on Diatomaceous earth along with ammonium polyphosphate 

(APP) and expanded graphite (EG).  

I.3. Physical and Chemical modification 

Polymer crosslinking reaction is a very common technique used to alter its physical and mechanical 

characteristics in order to broaden its application range, such as the enhancement of its high 

temperature performance, superior mechanical strength, high impact resistance, low thermal 

expansion, resistance to solvents and chemicals, and so many other desired features [37]. The 

crosslinking reaction can be achieved via a physical method using ionizing radiation from γ-rays 

emitted by a radioactive isotope like cobalt 60 (60Co), electron beams, or X-ray radiation [38], 

chemically using silanes [39] or organic peroxides [40]. Chemical crosslinking using organic peroxides 

is the most common method used in recent years, which is based on the formation of macro-radicals 
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resulting from the extraction of a hydrogen molecule from the polymer backbone induced by the 

attack from the oxy-radicals that are formed by the decomposition of the organic peroxide at high 

temperatures, resulting in an interconnected network between the polymeric chains [41].  Besides 

the aforementioned advantages offered by the crosslinking reaction, one of the biggest challenges 

resulting from this kind of reaction is the high brittleness and non-recyclability of the formed 

product, behaving more as thermosets than elastomers.  

Reversible Crosslinking Reaction (RXR) 

Since recyclability is a desired feature in almost all types of materials and in plastics in particular 

for a cleaner and less pollutant environment, the harmful impact of their disposal both in the sea 

and in landfills. For this reason, many researchers are now seeking to develop new recyclable cross-

linked polymers. Bouhelal et al. [42–44] developed an original reversibly crosslinking reaction (RXR) 

based on mixing the polymer with an accelerator, sulfur, and organic peroxide in the melt state via 

the reactive-extrusion process, resulting in a recyclable crosslinked polymer with outstanding 

properties. Similarly to the regular peroxide-induced crosslinking reaction, macroradicals are 

formed by an attack from the oxy-radicals on the polymer chains, with the only difference residing 

in the formation of sulfur-based compounds (sulfur atoms, polysulfide, or a cyclic sulfur compound) 

bridges between the macroradicals instead of interlocking with themselves [45] .H. Saci et al. [41] 

investigated the crosslinking of low-density polyethylene (LDPE) with the new RXR technique using 

three different systems: peroxide, peroxide/accelerator, and peroxide/accelerator/sulfur. The 

crosslinking reactions of three systems were studied by dynamic rheological analysis (DRA) using 

a Brabender plasticorder. An enhancement in thermal stability was recorded from the TGA test, 

which may be attributed to the sulfur presence. On the other hand, the recyclability of the blends 

was monitored by a simple compression molding test, where it was clearly seen that the peroxide-

crosslinked blends tend to decompose when tried to be remolded, while the other two systems with 

peroxide/accelerator and peroxide/accelerator/sulfur can be remolded again and again when 

compression molded. S. Bouhelal et al [46]. have successfully prepared a reversibly crosslinked 

isotactic polypropylene (iPP) using the RXR technique, even though that iPP is considered a non-

crosslinkable polymer due to the beta-scission degradation reaction that predominates in the 

crosslinking reaction as explained from the Fig I.5. The crosslinking reaction resulted in a ductile 

iPP with a great impact resistance improvement of almost seven times that of the neat iPP. 
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Fig I.5. Reversible crosslinking reaction of iPP. 
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CHAPTER II. MATERIALS AND METHODOLOGY 

 

This chapter describes all the materials used in our study and a summary of the formulation 

components. There is also an in-depth explanation of the methods used to characterize the samples, 

the experimental methodology, melt mixing, and compounding steps. 

II.1. Materials 

II.1.1. High Density Polyethylene (HDPE) 

Extrusion grade HDPE from SABIC (Saudi Arabia) with a melt flow index (MFI) of 0.06 g/10 min 

(230 °C, 2.16 kg load). 

II.1.2. Isotactic Polybutene-1 (PB-1) 

Isotactic Polybutene-1 (PB-1) was purchased from BASELL (Saudi Arabia), having a low melt flow 

index (MFI) of 0.37 g/10 min (230 °C, 2.16 kg load). 

II.1.3. Dicumyl peroxide (DCP) 

The radical initiator, Dicumyl peroxide (DCP), with 96 wt % activity was supplied by NORAX 

(Germany). 

 

Fig II.1. Dicumyl peroxide molecular structure. 

II.1.4. Sulfur (S8) 

High purity industrial grade, Sulfur (S8) was supplied by Wuxi Huasbeng Chemical Additives 

(China). 

II.1.5. Tetramethyl Thiuram Disulfide (TMTD) 

TMTD accelerator “Super accelerator 501’’ was used, as supplied by Rhone-Poulenc, France.  
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Fig II.2. TMTD molecular structure. 

II.1.6. Diatomaceous earth 

In form of reddish rock, pristine Diatomaceous earth was sourced from sig (mascara), by National 

Company of Non-Ferrous Mining Products and Useful Substances (ENOF) Spa in Algeria. Having a 

Young’s modulus E = 0.533 MPa, a surface area of 70.35 m2/g, a particle median diameter d50 = 16 

µm, and consist of hydrated amorphous silica (opal), organic matter, metal oxides, clay, and other 

substances as listed in Table II.1. 

Table II.1. Chemical composition of pristine diatomaceous earth. 

Composition SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O TiO2 

Weight % 63 26.9 3.58 1.87 1.91 1.04 0.59 0.28 

 

II.2. Composites preparation  

Pristine Diatomaceous earth rocks were first crushed using a laboratory mortar and a pestle, 

followed by a calcination process at a temperature range exceeding 900 °C for a duration of 4 h, after 

being gradually heated in an oven at 110 °C for 1 h, and finally sieved using a 20 µm laboratory sieve. 

The reactive extrusion process was used for the preparation of the different mixtures in the melt 

state using a BRABENDER PLASTICORDER at optimal predetermined conditions (mixing speed = 

30–50 rpm, t =10 min and a temperature of 190 °C). The mixed batches were then shredded and 

compression molded by a laboratory hot press at 190°C for a total of 12 minutes (7 min preheating, 

5 min molding) into thin films for FTIR and WAXS characterizations and into dumbbell-shaped and 

rectangular-shaped specimens for the tensile and impact resistance tests, respectively. The 

remaining impact test specimens were fractured after being immersed in liquid nitrogen for several 
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minutes and sputter coated with a thin layer of gold for the SEM analysis. The reversibly crosslinking 

agent (RXR) was prepared elsewhere. The prepared batches are codified like the following:  

HDPE-xD and HDPE-MxD, where (x) refers to the weight fraction of the Diatomaceous earth, (D): 

Diatomaceous earth-filled samples, and (M) refers to the modification using the RXR agent as 

summarized in Table II.1. 

Table II.2. HDPE microcomposites designation and compositions. 

 HDPE wt% Diatomaceous earth wt% RXR wt% 

HDPE 100 0 0 

HDPE-2D 98 2 0 

HDPE-4D 96 4 0 

HDPE-6D 94 6 0 

HDPE-M2D 97.5 2 0.5 

HDPE-M4D 95.5 4 0.5 

HDPE-M6D 93.5 6 0.5 

 

PB-1/xD and PB-1/MxD, where (x) refers to the weight fraction of the Diatomaceous earth (D): 

Diatomaceous earth-filled samples, and (M) refers to the modification using the RXR agent as summarized 

in Table II.3. 

Table II.3. PB-1 microcomposites designation and compositions. 

 PB-1 wt% Diatomaceous earth wt% RXR wt% 

PB-1 100 0 0 

PB-1/0.5D 99.5 0.5 0 

PB-1/1D 99 1 0 

PB-1/2D 98 2 0 

PB-1/4D 96 4 0 

PB-1/M0.5D 99 0.5 0.5 

PB-1/M1D 98.5 1 0.5 

PB-1/M2D 97.5 2 0.5 

PB-1/M4D 95.5 4 0.5 
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II.3. Characterization techniques 

II.3.1. Diatomaceous earth characterization 

II.3.1.1. Particle size distribution  

The particle size and particle size distribution of the filler was investigated by a laser scattering 

particle size distribution analyzer from HORIBA. 

II.3.1.2. Fourier transform infrared (FTIR) 

Powdered Pristine Diatomaceous earth was analyzed using a Shimadzu LabSolutions IR 

spectroscopy in wavenumber range of 400-4000 cm-1 after being calcined and sieved into a fine 

powder.  

II.3.1.3. Scanning electronic microscopy (SEM) 

Neoscope JCM-5000 scanning electron microscope was used to scan the powdered Diatomaceous 

earth filler at a magnification of 4400x, under different scales: 20, 10 and 5 μm. 

II.3.2. HDPE and PB-1 microcomposites characterization 

II.3.2.1. Dynamic rheological analysis (DRA) 

An internal mixer type (BRABENDER PLASTICORDER, Germany) was used to evaluate the 

crosslinking reaction, compounding, and mixing procedure. The evolution curves of torque over 

time were observed and documented during the entirety of the mixing procedure, which was set at 

a duration of 10 min. 

II.3.2.2. Mechanical properties 

The tensile test was conducted to determine the mechanical strength, stiffness (Young's modulus), 

tensile and elongation at break parameters of both the neat resins, Diatomaceous earth-filled and 

RXR modified micro-composites. Specimens with a dumbbell shape were subjected to testing using 

a JJ-TEST universal tensile testing machine at a strain rate of 25 mm/min under atmospheric 

conditions, following the guidelines of ASTM D638. The resilience of V-notched rectangular-shaped 

specimens was examined using a 5 Joules hammer and an instrumented impact testing machine 

from INSTRON, according to ASTM E2248 (Charpy). 

II.3.2.3. Differential scanning calorimetry (DSC) 
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The DSC was used to assess the crystallinity, melting, and crystallization characteristics. The 

NETZSCH DSC 200 F3 differential scanning calorimetry instrument was used to analyze samples 

weighing 15 ± 2 mg. The scanning cycle began by erasing the thermal history through a first heating 

cycle from 30 to 180 °C. The samples were held at this temperature for 2 min before being cooled to 

room temperature at a rate of 10 °C/min. Following a time of stabilization lasting 2 min, a 

subsequent heating cycle was initiated, reaching a temperature of 190 °C at a heating rate                         

of 10 °C /min. 

II.3.2.4. Thermogravimetric analysis (TGA) 

The thermal endurance and weight loss rate were assessed by thermogravimetric analysis (TGA). 

The TA UNIVERSAL ANALYSIS 2000 thermogravimetric analysis device was used to evaluate 

samples weighing 15 ± 2 mg. The temperature was increased from 20 to 600 °C at a heating speed 

of 50 °C/min in an inert environment (N2). 

III.3.2.5. Fourier transform infrared (FTIR) 

The crystal structure modifications of the neat resins, Diatomaceous earth-filled and RXR modified 

micro-composites, as well as the various functional groups that may be formed during the reactive 

extrusion process were assessed using FTIR test. The Shimadzu LabSolutions IR spectroscopy 

device was used to evaluate compression-molded thin films within the wavenumber range of 4000 

to 450 cm-1. 

II.3.2.6. Wide angle X-Ray scattering (WAXS) 

The WAXS test was used to examine the morphology and the crystal structure modifications of the 

neat resins, Diatomaceous earth-filled micro-composites, both in the absence and the presence of 

the RXR agent. BRUKER X-ray diffraction pattern instrument was used to test thin film samples. The 

apparatus operated at a current of 35 mA and a voltage of 40 kV, emitting CuK± radiation with a 

wavelength of 0.1541874 nm. The scanning angle ranged from 6 to 60 °, with a step size of 2θ = 

0.037 °.  

II.3.2.7. Scanning electronic microscopy (SEM) 

SEM analysis was used to examine the morphology and dispersion of Diatomaceous earth into the 

matrix, as well as the topography of both the neat resins, Diatomaceous earth-filled and RXR 

modified micro-composites. Neoscope JCM-5000 scanning electron microscope was used to scan 

the gold coated samples at a magnification of 4400x, under two scales of 5, 20 and 50 μm. 
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Chapter III. Optimizing High-Density Polyethylene (HDPE) performance: Utilizing 

Diatomaceous earth filler and an innovative Reversible Crosslinking Reaction agent (RXR) 

III.1. Results and discussion  

III.1.1. Diatomaceous earth characterization  

III.1.1.1. Particle size distribution 

Characterized by an average water absorption behavior and a porosity of 7% [1], along with a micron 

to submicron size. The particle size and particle size distribution have a great impact on the mechanical 

properties of polymeric composites and since the smaller the size the better the interactions are and 

the higher the reinforcement effect on the composite is [2]. the particle size and their distribution within 

the matrix is a key factor in determining the composite final properties. Fig III.1 represent the particle 

size distribution as was measured by the laser scattering particle size distribution analyzer after the 

careful milling and sieving of the pristine Diatomaceous earth. The mean particles diameter (d50) was 

measured to be 16 µm.  

 

Fig III.1. Diatomaceous earth particle size distribution. 
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III.1.1.2. Fourier Transform Infrared (FTIR) 

The powdered pristine Diatomaceous earth was analyzed by FTIR as illustrated in Fig III.2, where the 

characteristic peaks were clearly seen at 3620, 1437, 997, 797 and 460 cm-1. The vibrational band at 

1437 cm-1 represents the vibrational motion of carbonate, while the bands at 997 and 460 cm-1 are 

characteristic bands of Si-O-Si bond stretching and bending, respectively. The band at 3620 cm-1 is due 

to the stretching vibration of the hydroxyl groups in physically adsorbed water molecules on the 

surface of the Diatomaceous earth particles (silanol group Si-OH). The stretching motion of Si-O-Al is 

related to the band at 797 cm-1 [3]. 

 

Fig III.2 FTIR spectrum of pristine Diatomaceous earth.  

III.1.1.3. Scanning Electron Microscopy (SEM) 

An insight was provided about the morphology and microstructure of the obtained Diatomaceous 

earth samples by means of SEM characterization. The microscopic pictures revealed the existence of 

intact Diatomaceous earth skeletons whose framework structure is composed of Diatomaceous earth 

shells represented by various diatom morphological types as can be seen from Fig III.3. The SEM 

observation clearly confirmed the presence of a well-defined and mostly preserved porous structure, 

which is an important parameter and key medium for any adsorption process, the porous shells 

consisting mainly of SiO2 groups. It can be also inferred that the Diatomaceous earth samples are rich 
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in two classes of diatoms: centric and pennate, and large void volumes. Each frustule of diatom contains 

areolae due to its high porosity, and the size and disposition of these areolae vary with the species 

nature [3]. 

 

Fig III.3. SEM micrographs of pristine Diatomaceous earth. 

III.1.2. HDPE/Diatomaceous earth microcomposites characterization 

III.1.2.1. Dynamic rheological analysis (DRA) 

The figure clearly illustrates that the addition of both the Diatomaceous earth filler and RXR agent to 

the HDPE resin results in distinct behavior in terms of torque measurement and, therefore, the 

viscosity of the resin. During the initial phase of the mixing operation, the torque of the pure HDPE 

material initially increased until it reached a peak (D), after which it decreased and eventually 

stabilized at a constant level (C), as depicted in Fig III.4. The initial rise is associated with the 

amalgamation of the solid plastic pellets prior to reaching the point of total liquefaction, as indicated 

by the plateau [4]. The systems comprising Diatomaceous earth and the RXR agent exhibit distinct 
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behavior compared to the pure HDPE. Both systems exhibit torque fluctuations during the initial 1-2 

minutes, followed by an increase to a maximum point (D). Subsequently, the torque decreases to a 

point (A) before rising again to another maximum torque point (B) in the case of the RXR agent-

modified samples. Finally, the torque stabilizes on a plateau (C). The initial rise (D) represents the 

combined effects of feeding, friction, and surface melting of the solid plastic pellets, while point (A) 

corresponds to the full melting of the microcomposites [5]. The maximum torque attained at point (B) 

serves as a definitive validation of the crosslinking process, indicating the highest degree of 

crosslinking. Moreover, the decrease in torque after reaching the maximum degree of crosslinking at 

point (B) is attributed to the partial breakdown of the formed network, as previously shown in other 

studies [4, 6–8]. A state of balance is achieved, shown by a flat and stable region (C), which corresponds 

to the ultimate viscosity of the neat HDPE resin and its microcomposites. 

 

 

 

 

 

 

 

 

 

 

Fig III.4. Torque variation with time of neat and RXR agent modified HDPE/Diatomaceous earth 

micro-composites. 

III.1.2.2. Mechanical properties  

III.1.2.2.1. Tensile properties  

The use of fillers in a polymeric material has the potential to significantly modify the mechanical 

characteristics of the final product. Due to the disparity in surface energy between the two materials, 

the filler particles do not naturally stick to the polymer surface. Instead, they have a tendency to clump 
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together if not treated. Consequently, this might lead to a decrease in mechanical strength [9]. The 

composites examined in this study were subjected to a typical tensile test at a rate of 25 mm/min in 

order to evaluate their attributes, including tensile strength, stress and strain at failure and the 

stiffness. The results are presented in Table III.1, whereas Fig III.5 (a) illustrates the stress-strain 

curves of plain HDPE, as well as RXR-modified and unmodified HDPE with varying Diatomaceous earth 

weight fractions. Fig III.5 (b, c and d), represent the variation of the stress and strain of both the 

unmodified and RXR-modified microcomposites at 2, 4 and 6 wt% of the Diatomaceous earth content, 

respectively. A noticeable decrease in both the stress and strain at failure is noticed with increase of 

the Diatomaceous earth content as can be seen from Fig III.5 (b, c and d). This decrease is a result of 

the stress concentration around the particles of the filler material, which is known as the "stress 

concentration phenomenon" [10] yielded from the poor interfacial interactions between the filler and 

the HDPE/Diatomaceous earth matrix surfaces. The addition of the RXR agent significantly reduced 

the strain in all the systems under investigation, providing evidence of the crosslinking reaction based 

on the DRA data. However, the stress at failure was significantly enhanced. In contrast, the stiffness 

was slightly decreased with the addition of Diatomaceous earth filler, as indicated by the 

measurements in Table III.1. This decrease if probably attributed to the low content of the 

Diatomaceous earth, its low density and porosity or its pseudo-lubricating effect. 

 

Fig III.5. Tensile stress & strain results of both the unmodified and modified HDPE/Diatomaceous 

earth microcomposites. 
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III.1.2.2.2. Impact properties  

The changes in impact strength of the neat and the RXR-modified and unmodified HDPE 

microcomposites with varying Diatomaceous earth fractions, is illustrated in Fig III.6. The 

incorporation of the Diatomaceous earth filler induced a decrease in the impact strength of the HDPE/ 

Diatomaceous earth microcomposites, as a result of the poor interfacial interactions between the filler 

and the matrix surfaces, which act as a starting point for the fracture propagation. Nonetheless, the 

inclusion of the RXR agent in the microcomposites at constant ratios (0.5 wt%), increased the impact 

strength at lower Diatomaceous earth concentrations, and decreased as the filler content reaches 6 

wt%. This increment in the impact strength is attributed to the crosslinking reaction induced by the 

RXR agent, as was reported in previous studies [11–13] yielding to a more ductile fracture. 

  

Fig III.6. impact strength of neat HDPE and both the RXR-modified and unmodified HDPE/ 

Diatomaceous earth microcomposites. 
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Table III.1. Mechanical properties of neat HDPE and both the RXR-modified and unmodified                     

HDPE/ Diatomaceous earth microcomposites. 

 σf (MPa) εf (%) E (MPa) I (KJ/m2) 

HDPE  17,66 764,71 225,00 3,16 

HDPE-2D 14,00 684,00 199,21 2,52 

HDPE-M2D 18,03 381,99 171,06 3,95 

HDPE-4D 13,05 454,15 181,77 3,14 

HDPE-M4D 17,03 180,22 180,98 3,82 

HDPE-6D 12,74 399,48 187,71 2,94 

HDPE-M6D 15,30 182,26 184,18 2,17 

σf : Stress at failure; εf : strain at failure; E: Young’s modulus (Stiffness); I: impact strength. 

III.1.2.3. Thermal characteristics  

III.1.2.3.1. Differential scanning calorimetry (DSC) 

Thermal characteristics such as melting and crystallization temperatures, heat of fusion and 

crystallization, and degree of crystallinity were investigated by DSC analysis. The addition of fillers into 

polymeric materials or their chemical modifications by crosslinking is known to alter their thermal 

properties. Therefore, DSC was employed to analyze the samples under investigation. Fig III.7 displays 

the DSC thermograms for the second heating and cooling cycles of the neat HDPE, as well as the RXR 

agent-modified and unmodified HDPE/Diatomaceous earth microcomposites. The associated 

properties of these thermograms are summarized in Table III.2. The heating endothermic and cooling 

exothermic curves exhibit a single prominent peak, as depicted in Fig III.7 (a) and (b) correspondingly. 

Tm and Tc represent the temperatures at which melting and crystallization occur at the highest point 

of their respective peaks. The melting and crystallization enthalpy energies are determined by the area 

under the curves. As shown in Table III.2, the melting and crystallization temperatures remained 

constant at approximately 139 °C and 108 °C, respectively, regardless of the inclusion of Diatomaceous 

earth or the presence of the RXR agent. Nevertheless, the heat of fusion slightly increases as the amount 

of Diatomaceous earth in the mixture rose, particularly at a concentration of 4 wt%. However, in the 

case of the RXR-modified samples, the fusion energy is noticed to slightly decrease, more particularly 

at a concentration of 6 wt% of Diatomaceous earth. The crystallization enthalpy exhibits a positive 

correlation with the Diatomaceous earth content, with a particularly pronounced effect observed at 

lower concentrations (2 wt%). This suggests an enhancement in the crystal structure and an expansion 

of the crystal area [14].  
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The degree of crystallinity is of great importance in semi-crystalline polymers since it is directly related 

to their mechanical properties [15]. For this reason, crystallinity of the samples was measured by the 

ratio of the melting enthalpy over the enthalpy energy of 100 % crystalline HDPE which is estimated 

to be 293 J.g-1 [16] using Eq. (1) [15] and the resulted values are listed in Table III.2. An increase in the 

amount of Diatomaceous earth led to a higher degree of crystallinity. This suggests that the 

Diatomaceous earth particles serve as sites for crystal growth, as observed in a previous study [12]. On 

the other hand, the presence of the RXR agent appeared to impede crystallization, possibly due to 

limited chain mobility caused by the three-dimensional network formed by the crosslinking reaction. 

The lamellar thickness was calculated via Eq. (2) [4, 17] and its variation along with the crystallinity is 

shown in Fig III.8. Based on the calculation findings, it was observed that the addition of Diatomaceous 

earth significantly improved the lamellar thickness, particularly at 2 and 4 wt% Diatomaceous earth 

content. In these cases, the lamellar thickness doubled compared to the pure HDPE. Nevertheless, the 

RXR agent decreased the lamellar thickness from 167 to 103 nm. The augmentation of both the degree 

of crystallinity and the thickness of the lamellae provides evidence of the enhancement in the 

arrangement of the crystal structure [17]. The degree of crystallinity and lamellar thickness were calculated 

by Eq. (1) and (2) respectively. 

Xc = 
∆𝑯𝒎

(𝟏−𝒘) × ∆𝑯°𝒎
 ………… (1) 

Xc: Degree of crystallinity 

w: Weight fraction of Diatomaceous earth 

∆H°m: Heat of fusion of 100% crystalline HDPE (293 J.g-1) 

∆Hm: Measured heat of fusion 

Lc = 
𝟐𝝈𝖊 ×  𝑻𝒎𝟎

∆𝑯𝒎𝟎 × (𝑻𝒎𝟎−𝑻𝒎)
  …………. (2) 

σe: The surface energy per unit area of the base plane (9.3 x 10-2 J.m-2) 

Tm: The melting peak from DSC spectrum (K) 

Tm0: The equilibrium melting of infinite thick crystal (414.6 K) 

∆Hm0: The melting enthalpy per unit volume crystal (2.88 x 108 J.m-3) 



 

34 | P a g e  
 

 

Fig III.7. DSC curves of neat HDPE and both the RXR-modified and unmodified HDPE/Diatomaceous 

earth microcomposites for melting (a) and crystallization measurement (b). 

 

Fig III.8. Crystallinity and lamellar thickness of neat HDPE and both the RXR-modified and 

unmodified HDPE/Diatomaceous earth microcomposites.   
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Table III.2. Melting and crystallization characteristics of neat HDPE and both the RXR-modified and 

unmodified HDPE/Diatomaceous earth microcomposites. 

 Tm0 (°C) Tm (°C) ∆Hm (J.g-1) Tc0 (°C) Tc (°C) ∆Hc (J.g-1) Xc (%) Lc (nm) 

HDPE 117 138 159 121 108 170 54 74 

HDPE-2D 120 140 167 120 107 181 58 167 

HDPE-M2D 118 139 159 121 108 161 55 103 

HDPE-4D 120 140 171 120 108 173 61 167 

HDPE-M4D 116 139 169 122 109 167 60 103 

HDPE-6D 120 139 167 122 108 173 61 103 

HDPE-M6D 117 139 157 122 107 150 57 103 

 

III.1.2.3.2. Thermogravimetric analysis (TGA) 

The TGA and DTG thermograms of the neat HDPE, as well as the modified and unmodified HDPE/ 

Diatomaceous earth microcomposites are displayed in Fig III.9, and the relevant thermal properties 

are summarized in Table III.3. The examined systems undergo a one-step decomposition process, 

which is characterized by a single slope curve. The composites have excellent thermal stability, as seen 

by a plateau in the temperature range from room temperature to 470 °C. Beyond this point, the curve 

sharply declines, leading to the full disintegration of the polymeric matrix at 502 °C. According to 

results from Table III.3, the addition of Diatomaceous earth or the presence of the RXR agent did not 

affect the initial (T0) and final (Tf) decomposition temperatures. This suggests that the thermal 

stability of the systems did not change, which goes against the results of K. Sever's study [18], at which 

it was discovered that the inclusion of Diatomaceous earth caused a loss in thermal stability of nearly 

7 %. The temperature at the maximum decomposition rate (TDTG) remained consistent at 

approximately 488 °C, whereas the decomposition rate dropped in all instances. 
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Fig III.9. TGA and DTG thermograms of neat HDPE and both the RXR-modified and unmodified 

HDPE/ Diatomaceous earth microcomposites. 

Table III.3 TGA and DTG characteristics of neat HDPE and both the RXR-modified and unmodified 

HDPE/ Diatomaceous earth microcomposites. 

 TGA DTG 

 T0 (°C) Tf (°C) T50 (°C) t (min) TDTG (°C) dwt [%/min] 

HDPE 471 501 488 23.40 488 78.50 

HDPE-2D 465 499 488 23.94 490 64.59 

HDPE-M2D 472 503 488 23.31 490 67.02 

HDPE-4D 473 502 488 23.61 490 66.93 

HDPE-M4D 471 502 487 23.43 490 64.91 

HDPE-6D 473 504 488 23.07 490 63.29 

HDPE-M6D 473 502 487 23.05 489 64.81 
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III.1.2.4. Structural and morphological properties 

III.1.2.4.1.  Fourier transform infrared (FTIR) 

The FTIR spectra of the pure HDPE microcomposites and the HDPE microcomposites treated with the 

RXR agent, with different weight percentages of Diatomaceous earth, are shown in Fig III.10. The 

bands observed at 720, 1472, and 2900 cm-1 are distinctive features of the HDPE resin. The presence 

of a peak at 720 cm-1 corresponds to the rocking vibrations of the CH2 group and indicates the 

crystalline nature of the HDPE. Furthermore, the bands observed at 1470 and 2900 cm-1 are associated 

with the deformation vibration of the CH2 group and the stretching movement of the CH group, 

respectively [19]. The introduction of Diatomaceous earth filler to the HDPE resin resulted in the 

emergence of distinct bands at wavenumbers 470, 517, 876, and 1088 cm-1. The bands at 470 and 517 

cm-1 represent the bending and stretching of (Si−O) bonds, respectively. The band at 876 cm-1 

corresponds to the vibration movement of (S-OR). The broad band at 1088 cm-1 corresponds to the 

siloxane structure (Si−O−Si). The intensity of these bands increases as the Diatomaceous earth content 

increases. The vibrational bands at 909 and 990 cm-1, which are associated with the bending motion 

of a terminal vinyl group (−CH=CH2) [20, 21] appeared to significantly diminish in the samples treated 

with the RXR agent. Conversely, new bands were observed at 960 cm-1, corresponding to the trans-

vinylene absorption band (−CH=CH−) [4] as depicted in Fig III.11. The absence of the terminal vinyl 

group and the presence of the A trans-vinylene groups are evidence of the double bond opening and 

the development of the three-dimensional network, indicating that the crosslinking process has taken 

place, as confirmed by the DRA results. Typically, when crosslinking cases are treated with DCP, 

acetophenone, cumyl alcohol, and α-methylstyrene, byproducts are formed during the crosslinking 

reaction. These byproducts correspond to the following functional groups: styryl, carbonyl (C=O), and 

hydroxyl (−OH). These functional groups can be identified by the bands at 1600, 1680, and 3371 cm-1, 

respectively [22].  The intensity of these bands correlates directly with the quantity of byproducts 

formed during the crosslinking operation, indicating a higher crosslinking density. However, the 

crosslinking method employed in this study does not solely consume the DCP, but also utilizes an 

accelerator (TMTD) and sulphur. Consequently, the intensity of the three bands at 1600, 1680, and 

3371 cm-1 remained unchanged in all samples, including those containing the RXR. The crosslinking 

reaction results in the formation of bands at specific wavelengths, namely 475, 500, 875, 965, 1110, 

and 1150 cm-1. These bands correspond to the vibration of aryl-S-S-aryl, the bonding of disulfide, and 

the swinging of N-H. They are observed in a similar study and are caused by the reaction with the 

accelerator. Additionally, the Diatomaceous earth vibration movements overlap with the trans-

vinylene absorption band, C = S stretching band, and C-S band. 
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Fig III.10 FTIR spectrums of neat HDPE and both the RXR-modified and unmodified                     

HDPE/ Diatomaceous earth microcomposites 

 

Fig III.11. FTIR spectrums in the range 450 to 1600 cm-1 of neat HDPE and both the RXR-modified 

and unmodified HDPE/ Diatomaceous earth microcomposites 
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III.1.2.4.2. Wide angle X-Ray scattering (WAXS) 

The structure, crystallite size, and crystallinity of the microcomposites were examined using a wide-

angle X-ray spectrum (WAXS). Fig III.12, depicts the WAXS spectra of the pure and RXR agent-modified 

high-density polyethylene (HDPE) at different weight fractions of Diatomaceous earth. The spectrum 

has two highly defined sharp peaks at 2θ = 21° and 2θ = 23°, which correspond to the (110) and (200) 

crystallographic planes, respectively. Incorporating Diatomaceous earth results in the emergence of a 

wide halo peak at approximately 2θ = 12.5°, which is associated with the amorphous silica present in 

the distinctive structure of Diatomaceous earth. The intensity of this peak increases as the amount of 

Diatomaceous earth used is increased. The addition of both Diatomaceous earth and the RXR agent did 

not appear to modify the composition of the HDPE and the various microcomposites. Nevertheless, the 

strength of their intensity is evidently influenced, indicating a modification in the crystallinity. The 

degree of crystallinity, interplanar spacing, and crystallite size were determined and the findings are 

presented in Table III.4. The degree of crystallinity is quantified as the proportion of the crystalline 

region to the combined area of both the crystalline and amorphous regions, as indicated by Eq. (3) [15]. 

The peaks were fitted using the Gaussian-Lorentz equation and the deconvolution method, as shown 

in Fig III.13. Similarly, in line with the DSC findings, the presence of Diatomaceous earth leads to an 

increase in crystallinity. However, the RXR agent appears to impede the crystallization process, as 

evidenced by the data presented in Table III.4. The inclusion of both Diatomaceous earth and the RXR 

agent did not alter the interplanar spacing (d), which was determined using Bragg's equation Eq. (4) 

[4, 15]. On the other hand, the size of the crystallites was determined using the Scherrer formula Eq. (5) 

[4, 15]. It was seen that the integration of Diatomaceous earth resulted in a very minor drop in crystallite 

size, which was further reduced in the presence of the RXR agent. Previous study [12] yielded 

comparable findings, noting that the Diatomaceous earth had the effect of reducing the size of 

crystallites. 

The crystallinity degree, interplanar spacing (d) and the size of the crystallites were calculated using 

Eq. (3), (4) and (5) respectively. 

XcWAXS = Acr / (Acr + Aam) ……… (3) 

Xc: degree of crystallinity 

Acr: Crystalline area 

Aam: Amorphous area 

𝒏 ×  ʎ = 𝟐𝒅 × 𝐬𝐢𝐧𝜽   ……… (4) 
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ʎ: W-ray wavelength (1,5406 Å) 

d: inter planar spacing 

θ: Bragg’s angle in degree 

Lc = 
𝑲ʎ

𝜷 × 𝒄𝒐𝒔𝜽
  ……… (5) 

Lc = Crystal size (nm) 

β = Full width at half maxima in radian 

θ = Bragg’s angle in radian 

K: Scherrer constant (0,94) 

ʎ: W-ray wavelength (1,5406 Å) 

 

 

Fig III.12 WAXS spectrums of neat HDPE and both the RXR-modified and unmodified                     

HDPE/ Diatomaceous earth microcomposites 
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Fig III.13 XRD peak deconvolution of neat HDPE. 

Table III.4 WAXS characteristics of neat HDPE and both the RXR-modified and unmodified                     

HDPE/ Diatomaceous earth microcomposites 

 
2θ (110) d110 

(nm) 

β110 L110 

(nm) 

2θ (200) d200 

(nm) 

β200 L200 

(nm) 

Lavrg 

(nm) 

XcWAXS (%) 

HDPE  21,18 24,02 0,30 28 23,58 21,60 0,38 22 25 68 

HDPE-2D 21,22 23,97 0,32 27 23,60 21,58 0,42 20 23 69 

HDPE-M2D 21,22 23,97 0,35 24 23,59 21,59 0,44 19 22 71 

HDPE-4D 21,31 23,87 0,33 26 23,70 21,49 0,42 20 23 71 

HDPE-M4D 21,29 23,89 0,34 25 23,66 21,53 0,44 19 22 59 

HDPE-6D 21,18 24,02 0,32 27 23,56 21,62 0,42 20 23 83 

HDPE-M6D 21,21 23,98 0,34 25 23,58 21,60 0,44 19 22 66 

III.1.2.4.3. Scanning electronic microscopy (SEM) 

The morphology of the plain HDPE microcomposites and the HDPE microcomposites treated with the 

RXR agent, as well as the dispersion of Diatomaceous earth inside the matrix, were examined using 

scanning electron microscopy (SEM). Fig III.14 (a and b) display the micrographs of the 

microcomposites with a Diatomaceous earth content of 2 wt% at a magnification of 50 and 20 µm, 

respectively. While Fig III.14 (c and d) exhibit the micrographs of the samples containing the RXR 

agent with the same Diatomaceous earth content at a magnification of 20 and 5 µm, respectively. Upon 
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examination of the micrographs, it was observed that the surface characteristics of the matrix became 

more uneven as the concentration of diatomaceous earth rose. The Diatomaceous earth particles can 

be observed in Fig III.14 (a and b) forming clusters with diverse forms and sizes. The average length 

and surface area of these particles, as determined by ImageJ Analysis software, are 17 µm and 5 µm2, 

respectively. Fig III.14 (c and d) reveals a porous structure where Diatomaceous earth particles are 

present within the pores without any interfacial interactions between the two phases. Fig III.14 (d) 

provides a clear example of a 3 µm Diatomaceous earth particle that is observed to be lying in a hole 

without any interactions with the surrounding matrix. This observation helps to explain the decrease 

in mechanical strength caused by the inclusion of Diatomaceous earth into the HDPE resin. The 

reduction in mechanical strength can be directly linked to the stress concentration around the 

Diatomaceous earth particles because there are no interfacial contacts to facilitate the transfer of 

applied stress to the microcomposites [18, 23]. 

 

 

Fig III.14. SEM micrographs of HDPE filled with 2wt% of Diatomaceous earth (a and b) and RXR-

modified samples at 2wt% Diatomaceous earth content (c and d). 
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CHAPTER IV. IMPROVING ISOTACTIC POLYBUTENE-1 (PB-1) PERFORMANCE WITH 

DIATOMACEOUS EARTH FILLER AND A NOVEL REVERSIBLE CROSSLINKING 

REACTION AGENT (RXR) 

IV.1. Results and discussion  

IV.1.2. PB-1/Diatomaceous earth microcomposites characterization 

IV.1.2.1. Dynamic rheological analysis (DRA) 

The torque characteristics of PB-1 at different Diatomaceous earth fractions (0.5, 1, 2, and 4 wt%) 

are depicted in Fig IV. 1, taking into account the presence and absence of the RXR agent. The data 

presented in the figure provides convincing evidence that the incorporation of both the 

Diatomaceous earth filler and RXR agent into the PB-1 resin yields notable impacts on torque 

measurement and, consequently, the resin's viscosity. During the first phase of the mixing 

procedure, the torque of the pure and filled PB-1 exhibited an initial rise until reaching a peak value 

(D), followed by a subsequent decrease and eventual stabilization at an equilibrium plateau (C), as 

seen in Fig IV. 2(a). The first rise may be attributed to the amalgamation of the solid plastic pellets 

prior to the attainment of full melting, as shown by the plateaus [1, 2]. The systems, including the RXR 

agent, exhibit distinct behavior compared to the pure and filled PB-1, as seen in Fig IV. 2(b). In both 

systems, it can be noticed that the torque exhibits fluctuations during the first 1-2 minutes, followed 

by a rise until reaching a maximum point (D). Subsequently, the torque decreases to a point (A) 

before re-elevating to a maximum torque point (B), and finally, it stabilizes at a plateau (C). The 

initial increment (D) is indicative of the processes of feeding, friction, and surface melting of the 

solid plastic pellets [3], while point (A) signifies the full melting of the PB-1 resin. The attainment of 

the maximum torque at point (B) is indicative of the greatest level of crosslinking, providing 

compelling evidence for the presence of the crosslinking process, as shown in prior studies [1, 4–6]. 

Furthermore, the observed reduction in torque subsequent to the attainment of maximum 

crosslinking at point (B) might be ascribed to the partial degradation of the established network. 

The PB-1 resin reaches an equilibrium torque, which is depicted by a plateau (C) and indicates the 

ultimate viscosity. 
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Fig IV. 1. Torque evolution with time of the neat PB-1, PB-1/Diatomaceous earth and RXR 

modified PB-1/Diatomaceous earth micro composites. 

 

Fig IV. 2. Torque evolution with time of (a) Diatomaceous earth filled PB-1, (b) RXR modified      

PB-1/Diatomaceous earth microcomposites. 
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IV.1.2.2. Mechanical properties  

IV.1.2.2.1. Tensile properties  

Fig IV.3 depicts the stress and strain curves of the neat PB-1 and PB-1/Diatomaceous earth 

microcomposites, both in the absence and presence of the RXR agent. From the figure, it is clearly 

seen that the PB-1 illustrates a rubbery-like deformation, reaching a failure point of up to 1400%. 

Nonetheless, the addition of both the Diatomaceous earth filler and the RXR agent greatly reduced 

the stress, and an even more drastic decrease is recorded in the strain at failure, changing the resin’s 

behavior from ductile to brittle. A similar trend was observed when untreated wood powder was 

added to PB-1 resin [7]. From the measured results summarized in Table IV.1, it’s clear that the 

addition of the Diatomaceous earth causes a decrease in both stress and strain due to its 

incompatibility with PB-1 resin, and even further decreases are noticed by the incorporation of the 

RXR agent. The decrease in strain at failure in the RXR agent-modified samples is probably due to 

the crosslinking reaction. The stiffness (Young’s modulus), on the other hand, also seems to decrease 

nearly 50% with both Diatomaceous earth and the RXR agent addition. This scenario may be 

attributed to the low stiffness of the Diatomaceous earth itself, its porosity, which can act as a stress 

concentrator [8], its incompatibility with the matrix, or the flexibility of its particles, which is due to 

the pseudo-lubricating effect generated by the low content of the Diatomaceous earth, resulting in 

slippage of the methylene chains over one another [9]. 

 

Fig IV. 3. Stress & Strain curve of the neat PB-1, PB-1/Diatomaceous earth and RXR modified       

PB-1/Diatomaceous earth microcomposites.  
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IV.1.2.2.1. Impact properties  

Neat PB-1 possesses a good resistance to impact due to its softness and elasticity, as can be seen 

from the measurements in Fig IV. 4. When Diatomaceous earth was added to the matrix even in a 

small ratio of 0.5 wt%, a drastic decrease in resilience of nearly 50% was noticed, and as the 

Diatomaceous earth content increased, the resilience also slightly increased. The addition of the RXR 

agent appeared to have no positive effect on resilience, but rather slightly contributed to its 

reduction. The reduction in impact resistance is probably due to the brittleness behavior of the      

PB-1 microcomposites, as found from the tensile test, resulting from the filler-matrix poor 

interfacial interactions, thus leading to stress buildup, which can act as a nucleation site for crack 

formation [10, 11]. 

 

Fig IV. 4. Resilience of neat PB-1 and PB-1/Diatomaceous earth microcomposites both in the 

absence and the presence the RXR agent. 
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Table IV.1. Mechanical properties of the neat PB-1 and both the RXR modified and unmodified                  

PB-1/Diatomaceous earth microcomposites. 

 σf 

(MPa) 

εf (%) σ0.2y 

(MPa) 

ε0.2y 

(%) 

σUTS 

(MPa) 

εUTS 

(%) 

E (MPa) I 

(KJ/m2) 

PB-1  29,790 1319,911 20,750 10,180 30,203 23,451 206.647 4.125 

PB-1/0.5D 17,685 166,845 10,124 13,747 17,685 166,845 81.612 2.167 

PB-1/M0.5D 20,105 60,332 11,763 12,090 20,356 59,863 104,955 1.968 

PB-1/1D 24,378 152,093 13,620 13,478 24,755 149,683 113.084 2.278 

PB-1/M1D 19,122 58,601 12,163 12,517 19,597 57,731 106,952 1.765 

PB-1/2D 24,143 211,264 11,692 12,471 24,143 211,264 109.185 2.079 

PB-1/M2D 20,005 58,638 13,180 14,101 20,332 58,342 104,091 1.952 

PB-1/4D 21,508 112,479 12,988 13,750 22,048 110,088 103.384 2.581 

PB-1/M4D 19,155 59,032 12,550 12,895 19,529 58,186 106,306 2.419 

 

IV.1.2.3. Thermal characteristics 

IV.1.2.3.1. Differential scanning calorimetry (DSC) 

Samples weighing about 10 to 15 mg were scanned by a DSC at heating and cooling speeds of               

10 °C/min in an inert atmosphere for the purpose of investigating the melting and crystallization 

temperatures, enthalpy energies, and degree of crystallinity. A total of three cycles were performed, 

starting with heating the samples from the ambient temperature to 180 °C, followed by a cooling 

cycle back to the ambient temperature before increasing it again up to 180 °C. The melting 

endotherms shown in Fig IV. 5(a) correspond to the melting of the neat PB-1 and PB-1/ 

Diatomaceous earth microcomposites both in the absence and presence of the RXR agent as 

obtained from the first heating cycle. The melting temperatures seem to remain constant at 140 °C 

in all cases, which corresponds to the melting temperature of the stable Form I [12–15]. The enthalpy 

of fusion was calculated from the integral of the area under the melting curve, while the degree of 

crystallinity was calculated using equation (1) [16]. The heat of fusion of 100% crystalline PB-1 is 

estimated to be 125 J/g for Form I [12, 17]. The addition of both the Diatomaceous earth and the RXR 

agent appeared to noticeably reduce both the melting enthalpy and the degree of crystallinity, as 

can be seen from the results in Table IV.2, which are attributed to the reduction of the crystalline 

phase, which means that both the Diatomaceous earth particles and the RXR hindered the formation 

of the crystalline phase. The exothermic curves generated from the cooling cycle seem to be altered 

in the case of the RXR-modified systems, as shown in Fig IV. 5(b). The addition of Diatomaceous 
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earth seems to slow the crystallization process, as can be seen from the decrease in the 

crystallization temperature, whereas the addition of RXR agent had less effect on the crystallization 

temperature in comparison to the unmodified microcomposites. A similar effect was observed by 

the addition of small ratios of iPP to the PB-1 resin, as found in another study [18]. The melting 

endotherms from the third cycle showed a constant melting temperature around of 120 °C in both 

cases as illustrated in Fig IV. 5(c) and Table IV.2, which correspond to the melting of the unstable 

Form II [12–14]. The heat of fusion of Form II is around 71.1 J/g [12, 17] and the degree of crystallinity 

was calculated using the same equation used above. PB-1 possesses the least crystallinity degree 

while in Form II, since it takes quite a time to transform to Form I from the melt cooling. 

Xc = ∆Hm/((1-w) × ∆Hm100%) ………… (1) 

Xc: Degree of crystallinity 

w: Weight fraction of Diatomaceous earth in the polymer matrix 

∆Hm100%: Heat of fusion of 100% crystalline PB-1 

∆Hm: Measured heat of fusion 

 

Fig IV. 5. DSC thermograms of the neat PB-1, PB-1/Diatomaceous earth and RXR modified            

PB-1/ Diatomaceous earth microcomposites at: (a) First melting cycle, (b) crystallization and (c) 

second melting cycle. 
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Table IV.2. DSC results summery of the Diatomaceous earth filled PB-1 with and without the RXR 

agent. 

 
Tm1 

(°C) 
Tm2 (°C) ∆Hm1 (J.g-1) ∆Hm2 (J.g-1) Tc (°C) ∆Hc (J.g-1) Xc1 (%) Xc2 (%) 

PB-1 140 122 83 36 104 37 77 51 

PB-1/0.5D 139 122 62 27 82 22 71 38 

PB-1/M0.5D 137 119 53 18 93 19 61 25 

PB-1/1D 137 121 67 22 76 17 77 31 

PB-1/M1D 137 119 45 19 93 17 51 27 

PB-1/2D 140 122 60 22 79 17 69 32 

PB-1/M2D 140 123 63 19 92 22 72 27 

PB-1/4D 140 123 57 21 80 16 67 31 

PB-1/M4D 136 121 58 19 91 19 69 28 

 

IV.1.2.3.2. Thermogravimetric analysis (TGA) 

The thermal stability of the neat PB-1 and PB-1/Diatomaceous earth microcomposites, both in the 

absence and presence of the RXR agent, was investigated using a thermogravimetric analysis under 

an inert atmosphere. Fig IV. 6 presents the thermal stability of the neat PB-1 and the studied 

microcomposites as shown by the weight loss measurement and the decomposition rate illustrated 

by its derivative plotting. From the figure, it’s obviously clear that the addition of both Diatomaceous 

earth and RXR agent to the mixtures greatly improved the thermal stability of PB-1 resin. With a 

decomposition onset temperature of about 353 °C, neat PB-1 is considered to be a thermally stable 

polymer [17]. While, with the addition of the filler and the RXR agent into the mixtures, the thermal 

endurance of the PB-1 enhanced even more, reaching a decomposition onset temperature of about 

435 °C. Several studies have found that Diatomaceous earth filler has a positive effect on the thermal 

stability of polymers [19–21]. From the DTG measurements, the temperature at the highest 

decomposition was recorded to reach 460 °C, and the decomposition rate was multiplied nearly 

three times, as shown in Table IV.3.  
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Fig IV. 6. TGA thermogram of neat PB-1 and both RXR modified and unmodified                              

PB-1/Diatomaceous earth microcomposites. 

Table IV.3. TGA & DTG measurements of neat PB-1 and both RXR modified and unmodified                         

PB-1/Diatomaceous earth microcomposites. 

 TGA DTG 

 T0 (°C) Tf (°C) T50 (°C) t (min) TDTG (°C) dwt [%/min] 

PB-1  353 423 390 38.88 408 17.11 

PB-1/0.5D 434 475 457 21.76 462 59.17 

PB-1/M0.5D 429 475 455 21.81 459 55.13 

PB-1/1D 420 469 446 22.09 451 45.50 

PB-1/M1D 432 474 455 22.04 464 54.74 

PB-1/2D 435 475 456 21.94 462 55.31 

PB-1/M2D 433 474 455 22.23 461 56.20 

PB-1/4D 434 475 456 22.10 459 54.27 

PB-1/M4D 423 469 448 21.98 455 46.46 
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IV.1.2.4. Structural and morphological properties  

IV.1.2.4.1.  Fourier transform infrared (FTIR) 

The evolution of the different crystalline phases in both the RXR agent-modified and unmodified                 

PB-1/Diatomaceous earth microcomposites was investigated by FTIR analysis. Different vibrational 

bands appeared in the scanned range from 400 to 4000 cm-1, referring to the vibrational movements 

of the neat PB-1, Diatomaceous earth, and RXR agent, yet no chemical interactions were noticed. 

Nonetheless, since crystal modification is the main goal of this test and Form I and II are the most 

important crystal phases in PB-1, the scanning range was narrowed to the wavenumber of interest 

(700–1200 cm-1). Conformational bands appeared at 1328, 1098, 1060, 1027, 1000, 924, 845, and 

815 cm-1, corresponding to Form I, and bands at 1111, 1049, 1001, and 908 cm-1, corresponding to 

Form II, but for simplicity reasons, only bands at 908 and 924 cm-1 were monitored. From the 

spectrum in Fig IV. 7, one can see that neat PB-1 demonstrates a small distinctive band at 908 cm-1, 

which corresponds to the metastable Form II [15, 17, 22] and the reason for this is that the PB-1 sample 

was not conditioned for a long period of time before it was analyzed by FTIR, which explains the 

absence of Form I. On the other hand, samples containing Diatomaceous earth and RXR agent show 

a distinctive peak at 924 cm-1, which corresponds to Form I [15, 17, 22],while the band intensity 

decreases with the increase in Diatomaceous earth content, reflecting its hindering effect on 

crystallization.  
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Fig IV. 7. FTIR spectrums of both RXR modified and unmodified PB-1/Diatomaceous earth 

microcomposites at: (a) 0.5wt %, (b) 1wt %, (c) 2wt % and (d) 4wt % of Diatomaceous earth 

content. 

IV.1.2.4.2. Wide angle X-Ray scattering (WAXS) 

The crystalline structure of the neat PB-1, PB-1/Diatomaceous earth, and RXR agent-modified        

PB-1/Diatomaceous earth microcomposites was analyzed by the WAXS test. From Fig IV. 8, neat    

PB-1 is characterized by three sharp peaks at an angle of 2θ = 9.7, 17, 20.26, and 20.51°, 

corresponding to the planes (110), (300), (220), and (211), respectively, which are the characteristic 

peaks of Form I. Another small peak with a plane structure (213) can be seen at 2θ = 17.8 °, referring 

to the presence of Form II [23]. The addition of both the Diatomaceous earth and the RXR agent into 

the mixtures seems to shift and reduce the intensity of the diffraction peaks, resulting in a change 

of both the crystal structure and the crystallinity, as illustrated in Fig IV. 9. As the RXR agent was 
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added to the mixtures, it was noticed that the peaks with the plane structures (200) and (213), 

related to Form II, seemed to diminish, and the peaks with the plane structures (110) and (300), 

corresponding to Form I, increased greatly. even though PB-1 shows a tetragonal crystal 

modification in all cases, which corresponds to the metastable Form II  [13, 17, 24], as was calculated 

using an XRD analysis software, under the name "Match3,” but the RXR agent seems to somehow 

had an effect on the transformation rate from Form II to Form I, which is in good agreement with 

the crystallization results found in the DSC. 

 

Fig IV. 8. WAXS diffraction peak of neat PB-1. 
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Fig IV. 9. WAXS spectrums of both RXR modified and unmodified PB-1/Diatomaceous earth 

microcomposites at: (a) 0.5 wt%, (b) 1 wt%, (c) 2 wt% and (d) 4 wt% of Diatomaceous earth 

content. 

IV.1.2.4.3. Scanning electronic microscopy (SEM) 

The morphology and filler dispersion and distribution within the PB-1 resin at different 

Diatomaceous earth contents were examined by the SEM analysis. Fig IV. 10 (a and b) corresponds 

to the neat PB-1 resin, while figures (c and d) and (c’ and d’) correspond to the filled PB-1 with            

1 wt % Diatomaceous earth, both in the absence and presence of the RXR agent, respectively. Neat 

PB-1 shows a smooth surface texture with a clean fracture surface. From Fig IV. 10(c), a bare 

Diatomaceous earth particle can be seen sitting in a hole, with no interfacial interactions between 

the particle and the resin itself, thus explaining the reduction in the mechanical properties and the 

tensile strength in particular. The distribution of the filler particles was not achieved, as can be seen 

from Fig IV. 10 (d), which shows a large irregular particle, perhaps resulting from the agglomeration 
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of Diatomaceous earth particles. We noticed the same trend with the incorporation of the RXR agent 

as we did with Diatomaceous earth alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig IV. 10. SEM micrographs of the neat PB-1 (a and b) and PB-1/Diatomaceous earth 

microcomposites at 1 wt% Diatomaceous earth content, both in case of the unmodified (c and d) 

and the RXR modified samples (c’ and d’).  
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GENERAL CONCLUSION AND PERSPECTIVES 

Throughout the course of this thesis, a comprehensive investigation into the effects of Diatomaceous earth 

and a newly developed RXR agent on the properties of HDPE and PB-1 based composites has been 

conducted. The research has shed light on the potential of these additives to modify the thermal, 

rheological, mechanical, structural, and morphological characteristics of the polymer matrices, offering 

valuable insights into their application in various industrial contexts. 

Through the investigations carried out using different characterization techniques, Diatomaceous earth 

filler was found to have no effect on the final viscosity of the molten resins at lower concentrations, making 

it a more practical in processing techniques requiring lower viscosity, like the injection molding process. 

Moreover, the mechanical properties, represented by both the tensile and impact resistance, were 

negatively affected due the lack of interfacial interactions filler-matrix as was observed from the SEM 

micrographs. Stiffness of both HDPE and PB-1 composites, were noticed to decrease with the 

incorporation of the diatomaceous earth, giving its low stiffness, porosity and pseudo-lubricating effect. 

Melting temperatures didn’t seem to be affected with the addition of the diatomaceous earth filler in both 

resins, while, the melting enthalpy of HDPE as well as the crystallinity degree and the crystal size were 

increased, reflecting the nucleating effect that the filler played in the matrix. PB-1 on the other hand, was 

negatively affected in term of the crystallization temperature, crystallization enthalpy and crystallinity 

degree, when the diatomaceous earth was included into the mixture, showing a hindering effect on the 

crystallization properties. The thermal endurance is another important factor that was greatly altered in 

the case of PB-1, where a very noticeable enhancement was noticed with the diatomaceous earth addition, 

while in HDPE case, no change was recorded. FTIR spectra, revealed that there were no chemical 

interactions were formed between the filler and the matrix resin, which explains the decrease in the 

mechanical properties. Nonetheless, it was observed that the inclusion of both the RXR and the filler into 
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the PB-1 has indeed a hindering effect on the crystallization as was seen from the DSC results. WAXS 

measurements were in good agreement with the DSC results, concerning the crystallinity degree, while 

the crystallite structure remained unaffected. 

The incorporation of the RXR agent has induced a crosslinking reaction in both systems as revealed from 

the DRA results, and also showed a positive effect on the dispersion of the diatomaceous earth particles, 

powered by the high torque generated from crosslinking reaction.  

Moreover, the research conducted as part of this thesis emphasizes the necessity for further investigation 

aimed at addressing the identified challenges. Specifically, efforts should focus on optimizing the 

compatibility of Diatomaceous earth with polymer matrices to enhance filler-matrix interactions, and 

further investigating the effect of varying concentrations of the RXR agent on the two systems and the 

conversion rate of PB-1 from Form II to Form I in particular. The filler’s particle size and surface treatment 

are also important parameters that could investigated in detail, to fully explore the potential of the 

diatomaceous earth filler. 

Comprehensive analyses utilizing advanced techniques, including Dynamic Rheological Analysis, 

Differential Scanning Calorimetry, Thermogravimetric Analysis, Wide-angle X-ray Scattering, Fourier 

Infrared Transform, and Scanning Electron Microscope imaging, have provided invaluable insights into the 

effects of these additives on the properties of polymer composites. 

 

 



 

 
 

 

Abstract 

This study explores the influence of a novel reversible crosslinking reaction agent (RXR) and Diatomaceous earth on the 
properties of two distinct polymers: high-density polyethylene (HDPE) and isotactic polybutene-1 (PB-1). Reactive extrusion 
with a the unique RXR agent was used to create microcomposites with both unmodified and modified DE. A comprehensive 
analysis using dynamic rheological analysis (DRA), tensile and impact tests, differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), wide-angle X-ray scattering (WAXS), Fourier transform infrared spectroscopy (FTIR), and 
scanning electron microscopy (SEM) was conducted. The results revealed contrasting effects on the two polymers. In HDPE, 
Diatomaceous earth alone decreased mechanical performance due to aggregation, but surprisingly enhanced crystallinity. The 
RXR agent improved HDPE's tensile and impact strengths through crosslinking, but lowered crystallinity. Conversely, in PB-1, 
the RXR agent increased viscosity while Diatomaceous earth displayed minimal rheological impact. However, the combined 
addition of Diatomaceous earth and RXR significantly reduced PB-1's mechanical properties and increased the crystallization 
temperature. Thermal stability improved with Diatomaceous earth in both polymers. FTIR and WAXS analysis indicated 
minimal changes in crystalline structure for both additives in either polymer. SEM micrographs revealed Diatomaceous earth 
clustering in, suggesting weak filler-matrix interactions, which likely explains the observed decrease in mechanical properties. 

Keywords: High Density-Polyethylene (HDPE), Isotactic Polybutene-1 (PB-1), RXR, Microcomposites, Diatomaceous earth. 

Résumé : 

Cette e tude explore l'influence d'un nouvel agent de re ticulation re versible (RXR) et de la diatomite sur les proprie te s de deux 
polyme res distincts : le polye thyle ne haute densite  (HDPE) et le polybute ne isotatique-1 (PB-1). L'extrusion re active avec un 
agent RXR unique a e te  utilise e pour cre er des microcomposites a  la fois avec diatomite non modifie e et modifie . Une analyse 
comple te a e te  re alise e a  l'aide de l'analyse rhe ologique dynamique (DRA), des tests de traction et de choc, de la calorime trie 
diffe rentielle a  balayage (DSC), d'une analyse thermogravime trique (TGA), de la dispersion a  large angle des rayons X (WAXS), 
du spectroscope infrarouge de transformation de Fourier (FTIR) et de la microscopie e lectronique a  balayage (SEM). Les 
re sultats ont re ve le  des effets contrastants sur les deux polyme res. Dans le HDPE, la diatomite seule a diminue e les 
performances me caniques en raison de l'agre gation, mais a ame liore  la cristallinite  de façon surprenante. L'agent RXR a 
ame liore  les forces de traction et d'impact de l'HDPE par la re ticulation, mais a re duit la cristallinite . A  l'inverse, dans le PB-1, 
l'agent RXR a augmente  la viscosite  tandis que la diatomite a montre  un impact rhe ologique minimal. Toutefois, l'ajout combine  
de diatomite et de RXR a conside rablement re duit les proprie te s me caniques de PB-1 et a augmente  la tempe rature de 
cristallisation. La stabilite  thermique s'est ame liore e avec la diatomite dans les deux polyme res. Les analyses FTIR et WAXS ont 
montre  des changements minimes dans la structure cristalline des deux additifs dans les deux polyme res. Les micrographes 
SEM ont re ve le  le regroupement de diatomite, sugge rant des interactions faibles entre la charge et la matrice, ce qui explique 
probablement la diminution observe e des proprie te s me caniques. 

Mots-clés : Polye thyle ne haute densite  (HDPE), Polybute ne isotactique-1 (PB-1), RXR, Microcomposites, diatomite. 

 الملخص: 

( HDPEالمتميزة: البولي إيثيلين عالي الكثافة )( على خواص اثنين من البوليمرات  DE( والتراب الدياتومي )RXRتستكشف هذه الدراسة تأثير عامل تفاعل تشابك عكسي جديد )

الفريد من نوعه لإنشاء مركبات مجهرية مع كل من البولي إيثيلين عالي الكثافة غير المعدل    RXR(. استخُدم البثق التفاعلي مع عامل PB-1)  1-والبولي بيوتيني متساوي التباين

(، والتحليل  DSC(، واختبارات الشد والصدمات، وقياس السعرات الحرارية بالمسح التفاضلي ) DRAوالمعدل. تم إجراء تحليل شامل باستخدام التحليل الانسيابي الديناميكي )

(، والفحص المجهري الإلكتروني FTIR(، والتحليل الطيفي بالأشعة تحت الحمراء المحولة فورييه )WAXS(، والتشتت واسع الزاوية بالأشعة السينية )TGAالحراري الوزني )

(، انخفض الأداء الميكانيكي في البولي إثيلين عالي الكثافة وحده HDPE(. كشفت النتائج عن تأثيرات متباينة على البوليمرين. في البولي إثيلين عالي الكثافة )SEMلماسح )ا

قوة الشد والصدمات في البولي إثيلين عالي الكثافة من خلال التشابك المتبادل، لكنه قلل من التبلور. وعلى  RXRبسبب التجميع، ولكنه عزز التبلور بشكل مدهش. وحسّن عامل 

معاً قلل   RXRو  DEتأثيرًا انسيابياً ضئيلًا. ومع ذلك، فإن إضافة   DIATOMACEOUS EARTHمن اللزوجة في حين أظهر    RXR، زاد عامل  PB-1العكس من ذلك، في  

في كلا البوليمرين. أشار تحليل   DIATOMACEOUS EARTHوزاد من درجة حرارة التبلور. تحسن الاستقرار الحراري مع    PB-1بشكل كبير من الخواص الميكانيكية ل  

FTIR    وتحليلWAXS    إلى الحد الأدنى من التغييرات في التركيب البلوري لكلا المضافين في كلا البوليمرين. كشفت الصور المجهريةSEM    عن تكتلDE مما يشير إلى ،

 تفاعلات ضعيفة بين الحشو والمصفوفة، وهو ما يفسر على الأرجح الانخفاض الملحوظ في الخواص الميكانيكية 

 ، مركبات ميكروكمبوسايت. RXR، (PB-1) 1-(، بولي بيوتين أيزوتاكتيك HDPE: بولي إيثيلين عالي الكثافة )الكلمات الدلالية

 


