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ABSTRACT  
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Co-Advisor: Professor Manjusri Misra 

 

The annual world production of plastics is around 300 million tons. From the production, 

almost 60% corresponds to polyolefins with a major production of polyethylene (60%) and 

polypropylene (40%). Plastic recycling, to make sustainable materials, is considered one of the 

biggest initiatives towards the greener environment and socio-economic development. This 

research was aimed to investigate the effect of the blend of recycled bale wrap linear low-density 

polyethylene (rLLDPE) and polypropylene (PP) (PP/rLLDPE 50:50 matrix), which was further 

reinforced with 25 wt.% agave fiber prepared by injection-molded technique. Different ratios of 

combined maleic anhydride grafted PP/PE (MAPP and MAPE) were used (1-3 wt.%), and further 

compared with the synthesized compatibilizer made from MAPP/rLLDPE; in terms of mechanical 

and thermo-mechanical properties of the biocomposites. Incorporating the compatibilizer into the 

composite improved the interfacial adhesion between hydrophobic matrix and hydrophilic agave 

fiber; which further increased the mechanical properties and heat deflection temperature of the 

composite. Scanning electron microscopy showed enhanced compatibility and adhesion between 

the matrix and the fiber by inclusion of 2 wt.% compatibilizer. Moreover, Fourier transform 

infrared spectroscopy (FTIR) analysis showed that the compatibilizer improved the interaction 

between the fiber and the matrix. The optimal compatibilizer content in the biocomposite was 

found to be 2 wt.% of the matrix. The synthesized compatibilizer blended composite showed 

improved mechanical properties than the industrial one which indicates the potential application 

of this composite (around 62% recycled material) in the manufacturing packaging materials and 

commodity products.                                                                                                                           
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Chapter 1: Introduction 
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1.1 Overview of composites 

The conventional plastic materials from petro-based resources pose a significant threat to 

the environment considering its properties such as poor recyclability, reusability and 

biodegradability. In terms of waste disposal, plastic is considered as one of the worst pollutants in 

the environment. It is estimated that 300 million tons of plastic is producing every year, 50% of 

which is for single-use purposes [1]. 

 

 

 

 

 

 

 

Figure. 1-1: Plastic waste disposal, figure drawn from the source data [1] 

The single-use plastic, which is mostly used as a packaging material, enters the landfill 

sites or processed through incineration, with only a small amount being recycled and reused 

(Figure 1-1). Therefore, the production of biodegradable materials is increasing rapidly in recent 

years. It is expected that the global market for bioplastics grows by 20 percent from 2017 to 2022 

[2].   

Landfill
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The generation capacities of biodegradable plastics, such as poly lactic acid (PLA), 

polyhydroxy-alkanoates (PHA), and starch blends, are increasing relentlessly, about multiplying 

from 2014 to 2019, nearly around 0.7 million metric tons to more than 1.2 million metric tons [2]. 

The production of PHA will be doubled in this duration because of the lift in production capacities 

in Asia and the USA. It is projected that in the year 2019, more than 80% of bioplastic will be 

manufactured in Asia while less than 5% of the global production will be in Europe [2]. Regions 

such as North America, Asia, and South America are actualizing close-to-market measures to pull 

in generation centers and promote quicker market improvement. However, the shortage of 

financial and arrangement measures for advancing a bigger scale-up of manufacturing capacities 

is ruining the solid advancement of the bioplastics market in that region [3]. 

A composite material is defined as the combination of two or more than two materials with 

distinctive physical and chemical properties. The production of composite serves to fulfill a 

specialized job for example to assist more strength, reduce the product weight and provide 

resistance to electricity or chemical media. Thus the replacement of traditional materials with the 

composite is taking place, since the composite can improve the properties compared to their base 

materials and also it is suitable for many applications [3]. The composite has two phases in it, the 

matrix and the dispersed phase. The matrix phase is often referred to as a continuous phase which 

consists of the largest portion of the composite. The dispersed phase is termed as the reinforcement 

phase when it provides the reinforcement by increasing the mechanical properties of the composite 

or as the filler when it is only used for volume/cost reduction or other properties modification. In 

most of the cases, the dispersed phase is chosen so that it can provide reinforcement as well as act 

as filler material [4]. Composite can be classified as fiber-reinforced, particle-reinforced and 

structural (laminates, sandwich panels etc.) [5]. 
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Polymers are widely used as matrix phase because of their availability and low cost. But 

unlike metals, polymers lack strength and stiffness. That’s why reinforcing materials are used with 

polymers to improve its properties. The equipment and processing condition to manufacture the 

polymer composite are also quite comprehensive. Energy to manufacture a specific part can be 

greatly reduced by replacing with a polymer composite. The reduction of the product weight is 

also achieved while maintaining strength and stiffness of the product. In the year of 1908, cellulose 

fiber was first reinforced to make phenolic composite [6]. During the 1940s, composites made 

from melamine and urea received commodity status having the glass fiber being used as a 

reinforcement phase [6]. The production, utilization and expulsion of conventional composite 

structures with manufactured polymers and different fiber fortifications are being scrutinized 

from environmental and authoritative points of view [7]. Expulsion of the composites after 

their expecting lifespan tends to be a crucial and costly method. It happened primarily because of 

the utilization of non-renewable assets and issues related to the expulsion after using the plastic 

products [8].  

Conventional composites are manufactured from two divergent materials which are widely 

derived from non-renewable and non-biodegradable assets. They remain entangled which creates 

difficulties in the recycling and reutilization process. Landfilling and incinerating are among the 

most widely used strategies for the disposal of these composites. A statistics from 1988-2002 

suggested that the disposal sites of the USA had dropped significantly, nearly around 6250 sites 

had been listed as out of their capacity [8]. Related studies suggest that five states of the USA have 

not more than 5 years of capacity in the landfill sites while fourteen other states only thrive with 

5-10 years of capacity [9]. Hence the demand for manufacturing renewable and sustainable 
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composites is increasing significantly due to these disposal issues of non-renewable plastics, the 

reduction of the petroleum resources to produce them as well as their increasing cost.  

With the intention to establish the long-term sustainability of flexible plastic packaging 

industry, more sustainable alternatives to conventional petro-based plastic flexible packaging 

solutions need to be developed. Bioplastics are promising candidates because of their  bio-based 

or biodegradable nature, which can potentially help alleviate the disposal problem and heavy 

reliance on the fossil fuel.  

1.2 Polymers used for making composites 

Among the different varieties of plastics in the market, polypropylene (PP) and 

polyethylene (PE) are most widely used for making composite material because of their excellent 

material properties such as excellent chemical resistance, good fatigue resistance  [10]. PP is one 

of the thermoplastic polyolefins made from chain polymerization of polypropylene monomers. It 

is widely utilized to produce packaging and textile products, automotive parts as well as medical 

devices like living hinges. Packaging industry is the major sector of PP made products, which 

contributes 30% of the total PP products while electrical and other equipment consumes 13% each. 

Both household commodities and automobile industries consume around 10% and building 

materials take 5% of the market. Other applications sum up the rest of the PP utilization. [11] 

The special properties and capacity to adjust to different manufacturing procedures make 

the PP a unique material for a wide range of applications. Some key features of PP are good 

chemical resistance, excellent toughness, high fatigue resistance, high resistance to electricity, 

transmissivity, etc. Another significant characteristic of PP is its capacity to use as both a plastic 

material and a fiber. The special capacity of PP to be made through diverse strategies and into 
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diverse applications implied it long before and soon began to challenge numerous old commercial 

materials, mostly in the packaging and automotive industries. Its development has been maintained 

over a long time and eventually it becomes a major player within the plastic industry around the 

world. [11] 

Polyethylene (PE) is a thermoplastic polymer with a variable crystalline structure and a 

vast range of applications depending on the particular type. It is one of the most widely produced 

plastics in the world, with tens of millions of tons produced worldwide each year. Different types 

of PE exist in the market and used according to their unique features to serve different purposes. 

For example, high-density polyethylene (HDPE) attributes higher strength and crystallinity 

compared to low-density polyethylene (LDPE) which is mostly used to manufacture packaging 

products such as supply bags or wraps. While HDPE is used in high strength applications such as 

in building materials. Ultrahigh molecular weight polyethylene (UHMW) has more advanced 

mechanical properties than HDPE. For this reason, it is used in making medical equipment and 

bulletproof vests. [12]. Different types of polyethylene and their chemical structures are shown in 

figure 1-4. 
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Figure 1-2: Types of Polyethylene, image redrawn from the source [13] 

LDPE has excellent flow properties, which makes it very flexible and especially suitable 

for packaging applications. It has high ductility but low tensile strength, which is clearly observed 

by seeing its tendency to stretch when strained. [8] 

Linear low-density polyethylene (LLDPE) is more flexible and ductile than LDPE. 

Particularly, the properties of LLDPE can be modified by altering the formula components, and 

the manufacturing process for LLDPE is often less energy-intensive than LDPE. [8] 

Hence, PE is an unimaginably valuable product plastic, particularly among item design 

companies. The divergent qualities of PE variations help to utilize it in making a wide range of 

consumer products. It is more suitable to blend it with polymers like PP, polystyrene (PS) and 
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acrylonitrile butadiene styrene (ABS) to achieve more mechanical strength since neat PE has poor 

tensile and flexural strength. However, out of other PE, LLDPE has a very high impact strength 

which makes it a proper material to blend with other polymers to have an optimum mechanical 

strength in the final composite. [7] 

1.3 Recycled plastic based composites 

The unfavorable impact of plastic contamination within the environment leads to the path 

for plastic recycling. In landfill, both natural-derived and manufactured polymers do not get 

the vital introduction to ultra-violet rays from the sun and organisms to debase. Subsequently, 

the plastics cannot be completely destroyed in the landfill sites while the toxicity is preserved and 

contributes to contaminate the environment. If the landfills contain excessive amount of plastics, 

the incineration process of these plastics takes place which affects the air adversely by the release 

of greenhouse gases causing lung cancer and respiratory diseases in humans. 

The concept of plastic recycling can be described as the method of recouping scrap 

or squandering plastic and reprocessing the material into valuable items which often differs in the 

properties as well as the shape from their raw state. Recycling is an important pillar for 

maintaining sustainability in the society which is considered as a reasonable elective for the 

restoration of the energy within the polymers while utilizing it. As the increment of petroleum cost 

is becoming significant in recent years, it is getting to be monetarily reasonable to recycle polymers 

instead of creating them from crude materials. Hence, plastic recycling has various benefits by 

conserving both material and energy. It moreover makes a difference to diminish the outflow of 

greenhouse gases (i. e. carbon dioxide (CO2), nitrogen oxide (NOx) and sulphur dioxide (SO2)) 

which are primarily reason for the climate change of our world. [14] 
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Table 1-1: Comparison between recycling processes [15], [16] 

PRIMARY RECYCLING 

MECHANICAL (SECONDARY) 

RECYCLING 

• Transforming plastic materials from the 

solid to liquid state and 

chemically processed them to finished 

components. 

• Transforming plastic solid waste to 

manufacture plastic products with the help of 

mechanical process 

• Plastics transform without 

sacrificing their distinctive 

properties. 

• New similar products are manufactured by this 

mechanism of reprocessing 

• The waste plastics can be grounded and 

re-extruded with minimum amount of 

degradation happening  

• The process can be utilized a few times before 

the deterioration of the quality of the polymers 

used. 

•  Employs less energy as well as resources 

and considered widely 

used strategy utilized for recycling 

• Employs basic approach of plastic conversion 

to make supply package, pipes, gutters, window 

parts etc. 

 

 No wonder researchers have indeed determined a way of recycling the waste plastics to 

value-added products while developing the way for expanding their quality and strength. It is an 

exceptionally viable step towards our environment compared to routine and conventional methods. 

The waste plastic undergoes heating of around 140°C - 160°C while plastics such as polyethylene 

(PE), polystyrene (PS) and polypropylene (PP) used in polyethylene terephthalate (PET) bottles, 
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disposal glasses etc. soften up to 160˚C. The LDPE can only be used in this technique as it gets 

softened at the desired temperature (160˚C) and coated over the aggregates. [17] 

1.4 Problem statement 

Sustainable biocomposites are an emerging class of materials, promising alternative to 

traditional plastics. Since, most synthetic plastics are non-renewable and not biodegradable, the 

development of bio-based, sustainable plastic composites could reduce the use of environmentally 

toxic materials in the packaging and automotive industries. Again, the application of the recycled 

polymer in the composite is an urgent need to reduce the neat polymer content and finding the 

value-added application of the waste plastic which is affecting the environment. 

During agricultural operations, a large amount of single-use bale wrap is wasted and ends 

up in the landfill every year. The bale wrap is made of LLDPE that could be recycled and blended 

with neat polymers to produce sustainable composite having a low carbon footprint because of the 

reduction of the neat synthetic polymer content. Many studies have observed different recycled 

plastic (such as recycled polyethylene terephthalate (PET), recycled PP) in the composite 

application. Unfortunately, the incorporation of recycled material into the composite often reduces 

the mechanical and thermal properties of the neat polymer. In this case, LLDPE has very low 

tensile strength but higher elongation and impact strength than neat PP. Thus, neat PP or LLDPE 

is not considered a good material for packaging and other application. A combination of these two 

types could result in a balance of the mechanical properties such as tensile, flexural or impact 

strength. Again, agave fiber as a natural filler is also used in the composite application to reduce 

the cost while maintaining the mechanical properties of the system. Incorporating hydrophilic 

natural fiber into the hydrophobic polymers like PP or LLDPE might decrease the interfacial 
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adhesion between polymer and fiber. To address these weaknesses, compatibilizer systems have 

been used in the composite. This type of novel bio-based, as well as recycled plastic-based 

composite, could be widely used in manufacturing packaging materials and commodity products. 

1.5 Objectives  

            The objectives of the thesis can be briefly outlined as following: 

• This research aims to investigate the performance of a bio-based, recycled composite of a 

blend of recycled LLDPE and PP which was further reinforced with agave fiber and a 

compatibilizer content variation (1-3 wt.%).  

• To focus on ‘circular economy’ which involves renewable and bio-based materials. 

• Developing more sustainable alternatives to conventional petro-based plastic materials. 

• To conserve fossil resources and manufacture eco-friendly materials. 

The contribution of this research is by developing a sustainable material which will 

simultaneously contribute to society, environment and economy; the three pillars of sustainability. 

Employability opportunity can be greatly increased by the production of this composite which may 

be described as social impact. The environmental impact will constitute of the reduction of health 

and safety concerns by the utilization of natural resources instead of solely depending on synthetic 

materials. Also, the waste plastic will be recycled while manufacturing this composite, which will 

further reduce the carbon footprint and adverse effect of waste plastic on the environment. The last 

but not the least aspect of sustainability, an economic contribution can be also addressed by 

reducing the cost of the material by utilizing waste resources while maintaining the performance 
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of the composite. Utilization of energy is also reduced when comparing neat polymer-based 

composite with the recycled plastic-based one.  

1.6 Hypothesis  

Incorporating compatibilizer (Maleic Anhydride grafted PP/LLDPE) into the composite 

will help to improve the interfacial adhesion between two different polymers (PP and recycled 

LLDPE) and natural filler (agave fiber) which will further increase the mechanical performance 

of the composite. 

1.7 Thesis Organization 

Chapter 1: Introduction 

Here the basic definition of composites, description of polymers used in the composite and their 

properties were discussed briefly. The description of different recycling processes used to make 

composites were also mentioned. The problem statement, objectives and hypothesis were 

described in this section as well to get a clear understanding of the research problem and the scope 

of the thesis. 

Chapter 2: Literature Review 

In this chapter, the overview of polyolefins polymers, their physical and chemical properties were 

described as well as their importance in the polymer industry was also depicted by mentioning 

previous literatures. Plastic recycling and its application to make composite materials were also 

investigated from previous studies 

Chapter 3: Sustainable Biocomposites from Recycled Bale Wrap Plastic and Agave 

Fiber: Processing and Properties Evaluation 
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In this chapter, the main study of the thesis was described by mentioning materials and methods 

used for the experiments, result and discussion were also derived and mentioned in this chapter 

and conclusion were drawn. 

Chapter 4: General Conclusions and Future Works 

The overall conclusion of the thesis was included in this chapter as well as future works and 

recommendations were mentioned based on the investigations carried out in this thesis. 
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2.1 Thermoplastic polyolefin (TPO) 

Thermoplastic olefin, thermoplastic polyolefin (TPO), or olefinic thermoplastic 

elastomers refers to polymer/filler blends usually consisting of some fraction of a thermoplastic, 

an elastomer or rubber, and usually a filler. 

2.2 Importance of polyolefins  

If we look at every year statistics in plastics production and use, our attention is almost 

immediately attracted to the high importance of polyolefins (POs) as ever-increasing production 

and use despite historical economic shutdowns. Specifically, PE and PP based materials and 

composites are the most used-although there are other monomers to produce POs like 1-butene, 

and other α-olefins. Shortly, after the “Great Recession” of 2008 in the Americas, the production 

of polyolefins experimented with the continued growth forecasted from previous years: increased 

from ~250 Mt in 2002 to ~300 Mt in 2008 and further ~310 Mt in 2009 with an annual average 

growth of 5% CAGR [18]. In fact, during the great pandemic COVID-19 (2020) the production of 

polyolefins and products based on these polymers continued and even increased exponentially 

mostly to produce food packaging and medical personal protective equipment (PPE). In the 

meantime, the production of mulch films based on PE and automotive-targeted composites based 

on PP continued at almost a normal pace. Today the production of plastics may be crossing the 

frontier of 400 Mt per year from which almost half of the production corresponds to polyolefins 

[19]. 

In 2009 the total production of plastics (including thermoplastics and thermosets) was of 

~350 Mt with a production of 110 Mt (44 Mt of PP and 67 Mt PE including high-density PE, low-

density PE, and linear low-density PE). The production only of PE by 2023 will grow to more than 

https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Thermoplastic
https://en.wikipedia.org/wiki/Elastomer
https://en.wikipedia.org/wiki/Filler_(materials)
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120 Mt. This represents more than 20 kg per capita per year around the world. The production of 

polyolefins is almost half to the total production of the required thermoplastics worldwide. Figure 

2-1 shows the annual production of plastics and the place of POs in such products [18]. The market 

of POs is targeted to the industry of packaging (~ 69% of PE and 43% of PP) [21]. However, PP 

is also an engineering plastic used in high-performance applications. A typical car contains ~ 360 

pounds of plastics from which 60% is PP. These materials include mostly mineral-filler and fiber-

reinforced PP and thermoplastic polyolefins (TPOs) [22]. Other uses of POs include consumer 

goods, construction (pipes, wood-plastic composites, etc.), agricultural films and sheets or 

mulching. 

 

 

 

 

 

 

 

 

Figure 2-1: The Market of plastics and POs by material type, figure drawn from the source data [18] 

Within a historical economic crisis, it is possible to emphasize the fundamental role that 

POs play in the production of spun bond and melt blown fabrics mostly made with PP. Probably 

the first thought coming to our minds when discussing PP and PE is “petroleum-based non-

renewable material”. POs, however, are no longer produced exclusively from petroleum-based 
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resources. It is also worthy to signalize the increasing importance of new feedstock sources such 

as sugar-based ethanol in the production of polyolefins. In the same context, it is of enormous 

interest to this introductory part to signalize the increasing importance of natural fillers (natural 

particles and fibers) in the manufacture of reinforced polyolefins or composites as well as wood-

based composites targeted to decking and other structural uses. 

POs are classified as commodity polymers (they appear everywhere), and this implies a 

low cost (probably the lowest amongst all polymers).Yet, POs are used in high-tech applications 

from which it is unavoidable to mention the automotive industry in which we can find composites 

and thermoplastic polyolefins of most common (TPOs). This is possible due to the constant 

development of additives and fillers used to enhance their performance and useful life. Polyolefins 

have a great capacity to hold relatively large amounts of fillers (for example, wood-plastic 

composites, high talc loaded polypropylene composites, etc.). It is impossible, in this introductory 

part to omit two exceptional properties of polyolefins which allowed this constant market 

explosion: the low density (0.9 g/cc) and the excellent properties to resist the harsh effects of 

chemicals. The addition of additives into polyolefins-based products produce the durable and 

strong items we see everywhere every day. In order to close this first section and highlight the 

importance of polyolefins-based composites, the mentioning of a recent development is introduced 

in which PP has been reinforced with elemental bio-carbon in order to produce materials targeted 

to the automotive industry. This development introduced biocarbon as an alternative to heavier 

mineral fillers resulting in lighter composites with similar performance. These examples show the 

enormous opportunities for bio-based composites based on polyolefins and encourage further 

research in this area. Summarizing this section, it is without doubt that polyolefins are the most 
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littered plastics around the world respecting packaging. Half of the pollution of plastics is due to 

polyolefins. 

2.3  Properties and chemistry of polyolefins 

By far, the most common family of plastics to us are polyolefins (PP and PE). PE and PP 

substituted many materials that were at that point in history heavier, more expensive, or less 

durable. These two common polymers belong to the category of thermoplastics which implies that 

these polymers can be repetitively softened (melted) and hardened (molded) by heating and 

cooling (thermosets, the other category of plastics once hardened cannot be melted again due to 

the extensive cross-linking developed during curing). PE and PP became extraordinarily easy to 

mold in many articles as they are extremely user-friendlier due to their combined flexibility and 

toughness. Thus, these polyolefins became of common use in the food industry. Polyolefins 

present also exceptional barrier properties towards moisture which made easier the contention of 

liquids. It is possible to find the recycling symbols number 5 for PP, and 2 and 4 for HDPE and 

LDPE, respectively. 

PE and PP are relatively simple molecules made only with carbon (C) and hydrogen (H). 

PE presents the most elemental chemical composition among all available polymers with the 

fundamental using being: — (CH2)—. The repeating unit of PP shows a slightly more complex 

structure: —(CH(CH3) —CH2) —. Figure 2-2 shows the basic structure of these two common 

polymers PP and PE. 
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Figure 2-2: Structure of PP (left) and PE (right) 

2.4  Polyolefins fillers and additives 

The word “commodity” polymers are certainly misleading for polyolefins since PP and PE 

are used in highly demanding applications, and even the life of the products; considered as short 

life based on PP and PE, has been largely improved by using additives and fillers. This has been 

possible with the development and use of fillers and additives for polyolefins. Fillers such as 

mineral talc, calcium carbonate, and natural fillers, as well as such as heat stabilizers, UV 

stabilizers, antioxidants, waxes, melt flow modifiers, antifungal and bactericides, impact 

modifiers, clarifiers, nucleating agents (faster processing and better productivity), flame retardants, 

colorants, etc. Although, the polymer molecular weight can be carefully controlled during 

polymerization, the sole control of the molecular weight cannot address all the requirements for 

real applications. Fillers reduce plastic use and improve moduli, with additives protecting from 

light degradation, warpage, and improving processing and many other important properties of POs. 

 Although the industrial production of PP and PE has reached a certain maturity, the 

industry is still pushing these two polymers beyond their capabilities. POs are very well known to 

be excellent in controlling the water permeation, however, they are poor oxygen deterrents. Table 

2-1 shows the main additives and fillers used in PP and PE composites. 
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Table 2-1 Summary of additive used in POs., table modified from the source [23] 

Material Uses Ratio 

used 

Effect on POs 

Antioxidants and heat 

stabilizers 

Additive  >2% Reduce oxidation and discoloration. 

Reduce degradation during processing 

and useful life. 

Light and/or UV 

stabilizers 

Additive >2% Improve resistance towards light and/or 

UV in pieces exposed to sunlight or used 

outdoors. 

Flame retardants Additive >2% Improve resistance towards fire 

propagation. 

Antistatic agents Additive  >2% Controlling or reducing the buildup of 

electrical current 

Mineral talc Filler  Up to 

40% 

Plastic reduction. Improvement of 

moduli. Improvement of hardness. 

Improve surface appearance. Improve 

thermal properties (heat deflection 

temperature, coefficient of linear 

thermal expansion). Improve scratch 

resistance. Gas barrier properties are 

improved. 
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Nano-clay Nano-filler >5% Plastic reduction. Improvement of 

moduli. Improvement of hardness. 

Improve surface appearance. Improve 

thermal properties (heat deflection 

temperature, coefficient of linear 

thermal expansion). Gas barrier 

properties are improved. 

Glass fiber (short) for 

injection molding 

applications 

Reinforcing 

phase 

Up to 

40% 

Provides high strengths. Improve 

thermal properties (heat deflection 

temperature, coefficient of linear 

thermal expansion). 

Carbon fiber (short) for 

injection molding 

applications 

Reinforcing 

phase 

Up to 

40% 

Provides exceptional strengths. Improve 

thermal properties (heat deflection 

temperature, coefficient of linear 

thermal expansion). 

Natural fibers and natural 

fillers 

Reinforcing 

phase 

Up to 

40% 

Results in bio-composites with 

improved bio content. Improve moduli. 

Improve heat deflection temperature. 

Improve aesthetics.  

Colorants/pigments Additives  >2% Color enhancement. Product 

differentiation. 
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Nucleation agents Additives >2% Improve crystallization rate to speed up 

or improve processing. Improve 

polymer clarity. 

Processing agents (waxes, 

melt flow modifiers) 

Additives  >2% Improve processing  

Foaming agents Additives  >2% Create regular structural voids. Reduce 

density. 

Coupling agents Reinforcing  >5% Improve interfacial adhesion among the 

different phases. 

Cross-linkers/chain 

extenders 

Reinforcing >5% Facilitates cross linking among 

molecular chains. Allows recyclability 

of degraded chains after recycling. 

 

2.5  Natural fibers and other natural fillers 

There is an overall interest in using more sustainable alternatives including additives and 

fillers as well as recycled materials. Thus, this section emphasizes the use of natural fibers/fillers 

(mostly plant-based or ligno-cellulosic fibers). The success of natural fibers in the preparation of 

composites is variable within the composites industry. PP and PE are ideal matrices for composites 

materials due to the required thermal processing conditions. These plastics are widely used for the 

extrusion of wood-plastic composites due to the melting point of PP and HDPE; ~170°C and 

130°C, respectively. The thermal degradation of natural fibers in a typical extrusion is of ~200°C. 

The processing holding retention in the hot barrel is of around 2-3 minutes in which the fibers are 

well under the temperature of degradation.  
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 Natural fibers can replace glass fiber and mineral talc which are comparatively heavier 

showing densities of ~1.4 g/cc for natural fibers, and ~2.6 for glass fiber and mineral talc. The 

production of natural fiber is also less energy intensive as compared to glass fiber or mineral fillers. 

Natural fibers can be sourced from traditional bast fibers (flax, hemp, jute, kenaf), agricultural 

staples like cotton, grasses (Miscanthus fiber, switchgrass, bamboo), leaves (pineapple fiber, agave 

fiber), agricultural wastes (wheat straw and corn stover), etc.  

 Thermoplastics filled with natural fibers have found some specific uses as items of general 

use. They also are slowly paving its way to more advanced applications within the automotive 

industry and packaging. The use of fibers is of particular importance in the manufacture of wood-

plastic composites (WPCs) which use high loads of this reinforcement. These profitable materials 

are relatively long-lasting building materials. The use of fibers in these products produces a 

reinforcing effect, while the use of particulate sawdust acts more like a filler [20].  

 The main drawback of POs filled composites is the low compatibility with natural fibers; 

the plastic matrix being hydrophobic and the natural filler hydrophilic due to the presence of plenty 

of polar hydroxy groups. To tackle this disadvantage, the industry has developed coupling agents 

to improve compatibility. Common coupling agents are maleic anhydride grafted PP or PE. Some 

important point to consider in the processing of POs reinforced with natural fibers or filled with 

sawdust particles are summarized below: 

• The low thermal stability of natural fibers limits the processability of these materials to 

relatively low temperatures (below 200oC). The time that this material is exposed to this 

temperature may also be determinant in the properties of the materials. Thus, the typical 

material of choice in the manufacture of WPCs is PE. 
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• Natural fibers and fillers usually present high moisture content. The presence of moisture affects 

the processing adversely, since the moisture can react with the coupling agent (maleic anhydride 

grafted PE) and can produce large structural damage in the extruded piece. Moisture in these 

materials must, therefore, removed before processing. The removal of moisture is an energy-

intensive processing, and many manufacturers leave moisture contents in the range of 5-12%. 

In dedicated laboratories, the moisture content is normally kept below 5%.  

• The main additives and reinforcing agents in the manufacture of natural fiber reinforced 

composites are the use of lubricants (waxes and zinc stearate) and coupling agents (maleic 

anhydride grafted PE or PP which are commercially active). 

• Other additives/fillers may be used to produce a hybridization effect. For example, mineral talc, 

calcium oxide, or even Portland cement could be used to provide fire resistance and strength 

improvement. 

2.6  Need of doing more with less and the need of recycling 

 Over time, and particularly during war times and fluctuations of petroleum or feedstocks 

prices, the users of POs have been looking for new ways of minimizing the effects of variable 

costs. However, more recently, the focus is on reducing the release of waste generated after the 

useful life of plastics. The strategies used have been reducing doing more with less by reducing 

the amount of plastic used in a specific product, reducing the thickness of articles without losing 

performance, avoiding the consumption of plastic products, re-using as possible the products, 

recovery of waste and recycling. Also, plastics manufacturers have been looking for ways to extend 

the life of the products in durable applications. Among these possibilities, the recovery of the waste 

and recycling of these materials is of paramount importance as they continue liking everywhere.  
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2.7  Composites and nanocomposites-based polyolefins  

 The economy of PP and PE largely depend on the fabrication of compounding 

technologies. It is of prime importance to highlight the fact that PP and PE are the two most 

compounded polymers in the North American market; 75% of the total polymers compounded in 

USA are PP and PE. The rationality of compounding technologies is that these companies are 

highly specialized in the addition of fillers and additives. Such compounded materials are mostly 

for the automotive industry and appliances production. Compounding technologies are 

economically more efficient if they are located close to the final-product manufacturer’ site 

(injection molding, thermoforming, or film making manufactures, etc.). Masterbatches are 

manufactured with the objective to perform a better pre-distribution of additives of fillers. A 

masterbatch is manufactured by using a high concentration of simply a specific concentration of 

the active material in the matrix. Further specific quantities of these material batches (from which 

the concentration of the active material is known) are used in the final formulation. 

2.8  Market trends and future needs 

POs will be continuously being used in large sectors as described below. 

• Films and sheets will be continuously being produced with PE for food packaging (shrink and 

stretchable films). The second most used in this sector is oriented biaxial PP (OBPP). PP and 

PE sheets are and will be continuously being used in thermoformed packaging. [24] 

o One-third of the total packaging options in the market is based on PP and PE.  

o Due to environmental concerns, the packaging tends to be thinner. This has been achieved 

thanks to the use of additives.  
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o As a result of the use of thickness reduction and addition of additives, packaging materials 

can be more transparent, more colorful, or more resistant with improved flexibility for 

thermoforming and film applications. 

o A fundamental property enhancement is the barrier properties. POs are good deterrents 

of water, but a poor barrier towards oxygen. The future of the packaging in this sector is 

to improve the barrier properties of these materials by reducing overall costs and reducing 

environmental impact. There is a great interest in the manufacture of environmentally 

friendlier multilayer packaging and the use of oxygen scavengers.  

o The life of agricultural PE-films (mulching) can be improved by using additives such as 

light scavengers. Also, the PE-agricultural wraps for baling can be recycled, even when 

these materials present a certain degree of contamination with soil. 

• Compounded PP and PE are heavily used in injection molding manufacture mostly in the 

automotive industry as reinforced PP and thermoplastic polyolefins (TPOs; rubber reinforced 

PP) [25]. Also, these materials are used to produce lids, containers, cups made by injection 

molding. 

o There is an obvious interest in PP and PE in the automotive industry derived from their low 

cost, lightweight, and ease of compounding.  

o PP composites produce high strength and moduli. The use of nanoparticles (micro and nano 

talc, nano-clay, graphene) has resulted in lighter and stronger materials. TPOs produce 

composites with high impact resistance and have been used in extreme applications such as 

the bumpers facia and soft-feeling parts and the interior of the car. TPOs are a platform to 

produce many parts.  
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o PP and PE used within the car are mostly long-lasting and do not produce an immediate 

pollution. However, there are small replacements made with these materials which may be 

susceptible to be recycled once discarded (air filters and small parts). All the packaging used 

to protect the pieces is also an indirect contributor to waste in this industry.  

o Recent life cycle assessment studies of PP-based composites show that most of the future in 

these materials will be tied to the development of bio-based materials. Bio-based PP and bio-

based PE show similar performance and as a result a much lower carbon footprint. [26] 

• PE (HDPE and PP) are heavily used in blown-molded products (films and bottles or 

containers).  

• Profile extrusion such as pipes, wires isolation also consumes a large number of POs.  

• Plastics used in construction are designed to last for several years and even decades such 

as cable coverings and pipes placed either outdoors or underground. A special mention 

should be for wood-plastics composites (WPCs). The use of antifungal agents is of especial 

importance in the manufacture of WPCs.  

• PP is a major player in the manufacture of melt-blown and spun-bond textiles. These 

textiles are used as medical protective equipment of personal protective equipment (PPE). 

The current COVID-19 pandemics was a clear indicator of the enormous importance of PP 

in the manufacture of PPE and medical packaging. These same textiles are used as filters 

in general, battery separators, cleaning merchandise, etc. the impact of these textiles in our 

daily lives is almost incommensurable. [27] 

• There is also enormous interest in improving the recyclability of the materials produced. 

And, because of the volumes of POs used, this need is accentuated in the recyclability of 

PP and PE.  
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2.9  Recycling Plastics 

2.9.1 Recycling  

Polymers and respective composites are inexpensive, lightweight, easy moldable in 

complex shapes, and extremely durable materials with a huge range of applications. Neat polymers 

or pure polymers practically do not exist in the market, almost all of them contain additives and/or 

fillers which have the aim of reducing production cost, enhancing the performance or until life of 

the plastics, and improving appearance. Consequently, the production and processing 

manufacturing of complex materials increased at a pace that overpassed the capabilities of 

municipalities’ collection and recycling. Despite this, recycling is still one possibility to recover 

the materials and give them a new life-another method to control the growth of plastic waste is 

incineration [28], [29]; however, this will not be treated in this work.  

The economic importance of composites is constantly increasing. The global market value 

on fiber-reinforced composites may well overpass the US$ 600 million with a compound annual 

growth rate (CAGR) of ~10% [30]. Although, composites are mainly manufactured with carbon 

and glass fiber, the use of natural fiber is steadily growing. The automotive industry for example 

expects an exponential growth in the use of natural fiber. Most of the composites used for the 

manufacture of these natural fiber reinforced composites for the automotive industry are based on 

PP and PE as well as thermosets, and the fibers are mostly sisal, flax, kenaf, and hemp [31]. The 

parts of the automobiles made with these materials are mostly indoor panels, interior seats support, 

some liner parts, etc. The shifting towards natural fiber plastic composites obey mostly to the 

advantages of being basically a biobased alternative along with others such as lighter weight and 

potential for recyclability [32].  
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Recycling posse elemental challenges which are in part due to the specific material. WPCs 

for example may be easier to collect and recycle. It has been shown in several studies that the loss 

properties of the materials result in some situation limited and that the materials are susceptible to 

being continuously used in specific situations, such as in the case of WPCs. The most fundamental 

concept of composites is that the manufacture of the composites is based on at least two different 

main parts which are difficult to separate, therefore, not economically feasible. Thus, the 

composites must be fragmented by mechanical means and reprocessed if the objective is to recycle.  

In the US only 10 % of the plastics are recycled and it is mostly by mechanical methods 

which means that only this small percentage of plastics is collected, sorted, cleaned, physically 

fragmented, and finally extruded to produce pellets [33]. This data gives a general idea of the size 

of the plastic waste problem and poses a major problem to be tackled by the circular economy. As 

it was exposed in the section on additives, plastics have extremely specific chemical stories 

according to their final use due to the addition of these materials. Some of them are designed to be 

stronger, others to resist photo-degradation, etc. Dyes, fillers, flame retardants, antioxidants, etc., 

that make them materials with exceptional properties are the main reason restricting their 

recyclability [26]. In the event of recycling plastics having different colors, the pellets produced 

normally present an undesirable grayish color (known as nurdles) having lower mechanical 

performance from which it is difficult to find specific uses [34].  

The life and final disposal of a piece of plastic is a complex task to follow. Figure 2-3 

shows a general path that plastic may follow. The first step is the birth of plastics or 

polymerization. However, in very few circumstances a plastic is sold in a pure form, it must be 

compounded either with fillers to reduce costs, to increase properties, or with additives to improve 

performance and durability. The ideal plastic for ideal application is then produced through hot 
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melt blending or compounding. Then these compounded materials are pelletized and send for 

processing (injection molding, thermoforming, blow molding, melt blown and spun bond, etc.). 

After all these processing of optimization, the materials finally reach the market (which is the 

entire world), once discarded plastics become a post-consumer waste and the responsibility of 

these materials becomes a generalized public issue. Plastics have different residence times 

according to its use some of them have long-lasting residences (such as the case of car pieces, 

electro-domestics, etc.), but some of them have dazzling life short lives such as the case of 

packaging including food packaging. It is not a secret anymore, these materials (mostly packaging) 

are leaking and accumulating everywhere with a most alarming situation in oceans, seas, lakes, 

with large quantities travelling at different speeds through rivers. In this Figure 2-3, the black 

arrows show the overall leaking points in the life cycle of plastics. Although the most obvious leak 

of plastic is after post-consumer, there is also some important point of plastic leakage that must be 

located and corrected. Figure 2-4 shows the most likely process that plastics follow in the 

recycling.  
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Figure 2-3: Production cycle of plastics, points of leak, and potential recovery for recycling 

Figure 2-4: Processing of recycled plastic 
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2.9.2 Biodegradability of polyolefins 

A short discussion on the biodegradability of polyolefins, can be elaborated before 

discussing recyclability, under the light of the current standard released by the British 

Standardization Institute (BSI) to measure biodegradability of polyolefins PAS 9017. Polyolefins 

are well known not to be biodegradable or at least not in a human life span. Thus, this standard is 

basically a lock imposed on those unsupported biodegradability claims. The standard requires that 

90% of carbon in the material (polyolefins) must be converted into carbon dioxide within a period 

of 2 years (730 days) [35]. This standard was designed for materials subjected to biodegradation 

environment on soil and it is not related to any type of degradation in water or marine environments 

[36]. In general, the biodegradation of polyolefins in such conditions is limited. 

Biodegradation of polyolefins in marine environments is also limited. Sudhakar et al. 

reported the loss of weight for samples of PE and PP of up to 0.8% after 6 months of immersed in 

the marine waters [37]. Bonhomme et al. also found limited biodegradation in PE-films having 32 

mm thickness when exposed to strains of Rhodococcus rhodochrous ATCC 29672 (bacterium), 

Cladosporium cladosporoides ATCC 20251 (fungus), and Nocardia asteroides GK 911 (bacterium) 

[38]. The low biodegradability in natural environments has pushed the research into the recycling 

technologies.  

There is a great interest in PE films in the case of agricultural mulch films which require 

to be absorbed in the soil, which has not happened. Rather, these materials are either removed and 

discarded or are slowly fragmented by mechanical damage and left in the agricultural soils. 

Another similar situation is with agricultural PE wrap (or agricultural stretch wrap). The problem 

with this material has also been recognized and there are enormous efforts to recover and recycle. 
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One main issue is that usually agricultural plastics are contaminated with soil and therefore it is 

not easy to recycle and obviously they are not biodegradable.  

Biodegradation occurs in two ways which are hydro-degradation that occurs in natural 

materials (lignocellulosic, starch, polyesters) and oxo-biodegradation which is triggered by the 

presence of metal catalysis in plastics. There is an enormous discussion around this type of 

degradation of plastics due that it may result in the production of micro-plastics rather than the 

actual degradation which may increase the problem of microplastics associated with the human 

diet [39]. Micro-plastics may migrate from the environment into the human body through water 

and food [40].  

2.9.3 Recycling of natural fiber plastic composites 

Natural fiber plastic composites, or more precisely wood-polymer/plastic composites 

(WPCs), are materials constructed mainly by using thermoplastic polymers as a matrix and natural 

fiber as a filler (or reinforcing phase), mostly wood fiber or wood sawdust. Other plastic 

composites also use other sources of fibers such as kenaf, hemp fiber, grasses such as Miscanthus 

or switchgrass, etc. As it occurs with all processing of composites a minor number of additives 

such as lubricants and coupling agents are used [41].  

The design and production of these materials have received an increased attention over 

time due to the increased consumer awareness with respect to the environmental issues. Normally, 

PE and PP are used to produce these materials, mostly due to the melting point of these 

thermoplastics relatively low to allow the safe processing of the fibers. The ecological side of the 

technology in the production of fibre-reinforced thermoplastics has been improved by using 

recycled plastics. 
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Another aspect of the technology that can be improved is the recycling of these materials. 

The most obvious limitations to the recycling of natural fiber reinforced plastics or WPCs is the 

size reduction of the fiber, the reduction of the molecular weight of the plastic after subsequent re-

processing (chain scission), which may result in the lower mechanical performance of recycled 

materials.  

Thus, several studies have been performed to investigate the effects of repetitive recycling 

loops on the mechanical properties of the composites. The various experiments performed have 

led to various conclusions some of them positive while others highlight the decrement of specific 

properties after recycling. Voltz et al. for example studied the nine-times recycling loop of wood 

pulp fiber reinforced PP [42]. They found that even when the mechanical properties of the 

composites dropped after the recycling, such properties after the nine cycle recycling loops remain 

superior as compared to the neat PP. After recycling they noticed an expected reduction in the fiber 

size. Shahi et al. reported solely the drop on properties of WPCs after recycling (60/40 wt.% wood 

flour/HDPE) [43]. In this case, these authors reported a reduced adhesion between the matrix and 

the filler (probably due to the degradation of the coupling agent). Le Duigou et al. report the 

recycling of poly(L-lactide) (PLA) reinforced with flax fiber in a six times loop. They reported the 

drastic fragmentation of the fiber after the recycling and further reduction during injection molding 

with the consequent reduction of the composite’s performance [44]. These effects, however, were 

attributed mostly to the reduction of the fiber, and scarcely to the polymer chain scission.  

Aurrekoetxea et al. showed that the effects of recycling PP are the reduced melt viscosity 

due to the chain fragmentation, increasing crystallization, and of course, the reduction of 

mechanical performance [45]. It is clear at this point that in fibre-reinforced plastic composites, 
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the crystallization does not increase due to the reduction of the particle size of the filler, but 

crystallization occurs because of the natural behavior of PP after recycling.  

A similar result was reported by Beg and Pickering for cellulosic fiber reinforced PP 

subjected to a recycling cycle of 8 loops [46]. Sugar cane bagasse reinforced PP was investigated 

by Lila et al. and reported a similar thermal behavior of the composites after 5 recycling [47]. 

These authors similarly reported the reduction of the fiber size with increased recycling loops. 

Tajvidi et al. showed that the water absorption and swelling of recycled PP composites 

reinforced with wood flour, rice hull, or bagasse fibers subjected to successive five recycling loops 

was lower as compared to original composites [48]. This was attributed to physical and chemical 

changes transforming the natural fibers. Huda et al. report the manufacture and evaluation of the 

PP-reinforced with recycled newspaper fiber and compared with similar composites reinforced 

with glass fiber [49]. They found that the heat deflection temperature was similar in both cases.  

Bhattacharjee et al. reported the studies related to the recyclability of HDPE reinforced 

with 30 and 50wt.% of oak wood flour and reinforced with MAPE [50]. Such composites were 

fragmented and re-processed 6 times. As expected, the overall performance decreased with 

recycling with the reduction of particle size of the filler but reported an increase in the crystallinity 

of the polymer suggesting that the smaller particle size helped in the process of crystallization. 

Higher crystallinity produces more rigid and brittle materials [51]. 
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2.9.4 Use of recycled plastics and/or recycled natural fiber to produce fiber-plastic 

composites 

Recycled plastics have shown to be an excellent option to produce fiber-reinforced 

composites. It is not surprising to find out that the most recycled plastics used for these purposes 

are PE and PP. The concept of recyclability can be enhanced by the use of recycled fiber [52]. 

Using recycled plastics with recycled natural fiber (newspaper fiber, cellulosic fiber from other 

sources, etc.) has given new insights into the manufacture of natural fiber-reinforced composites. 

PE and PP are common materials to produce fiber-reinforced plastic composites. 

Lei et al. used rHDPE (recycled high-density polyethylene) for the preparation of wood 

and bagasse reinforcing plastics reinforced with maleic anhydride grafted PE among other 

additives [53]. Yam et al. report the use of rHDPE and rPP reinforced with recycled newspaper 

fiber [54]. Ashori et al. also report the use of rHDPE and rPP reinforced with recycled newspaper 

fiber [55]. They found a moderated better performance on rHDPE composites as compared to rPP 

composites. Najafi et al. report the production of WPCs manufactured with wood sawdust and 

rHDPE and rPP [56]. These authors used 50 wt.% of filler. One of the main outcomes was that 

composites manufactured with recycled plastics showed similar performance as compared to 

composites manufactured with virgin plastics. Lu et al. even reported a better performance of 

rHDPE reinforced with hemp fiber as compared to those composites prepared with virgin HDPE 

[57]. Elzubair et al. report the use of piassava fiber for the manufacture of rHDPE composites [58]. 

Youssef et al. reported the use of rLDPE with husk fiber [59]. Turku et al. report the manufacture 

of WPCs based on rPE and rPP with spruce wood flour (with respective additives) and compared 

with virgin HDPE composites [60]. These authors report better properties for the virgin HDPE as 

compared to composites elaborated with recycled plastics. Singh et al. reported the manufacture 
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of composites manufactured with a blend of neat HDPE and rHDPE. The study in specific 

compared hemp-based composites made of 100% neat HDPE and blends neat HDPE/rHDPE 

(50:50 wt%) [61]. The general properties or performance decreased in the blend as compared to 

neat plastic, and further decreased with the addition of the fiber. 
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3.1  Introduction 

Sustainable biocomposites are an emerging class of materials, promising an alternative to 

traditional plastics. The application of recycled polymer in composites is an urgent need to reduce 

the neat polymer content and find value-added applications for the waste plastic which is affecting 

the environment. It is estimated that 300 million tons of plastic are producing every year; 50% of 

the products are for single-use purposes [62]. Most of these plastics are landfilled, incinerated or 

dumped in the ocean [63]. Therefore, plastic recycling has drawn significant interest in various 

industries.  

 

 

 

 

 

 

Figure 3-1: Agricultural bale wrap [64] 

Linear low density polyethylene (LLDPE) is one of the essential commodity plastics that is 

being used for the production of various packaging films, containers and other molded parts 

[6567]. LLDPE is well known for having excellent flexibility, impact strength and durability but 

has low tensile and flexural strength. It has shorter branches which is why its chains are able to 

move against one another without entangling together when elongated. LLDPE also has excellent 



 
 

40 
 

recycling characteristics. It can be recycled multiple times since it maintains its base properties 

during the recycling process [68]. In Ontario, over 3,500 tonnes of plastic agricultural waste is 

generated each year, including 2,721 tonnes coming from plastic bale and silage wraps (figure 3-

1) that are essentially made of LLDPE [69]. The last few decades have brought increased interest 

in the production of these bale wraps which have been primarily used for the storage of forage. 

There are many advantages of bale wraps such as better leaf retention compared to dry hay, no 

storage structures needed and reduction of weather risk. Furthermore, the bale wrap has great 

potential to be reused and recycled because of having high elongation, high impact strength, low 

capital cost, etc. Bale wrap LLDPE can be recycled and blended with another commercial polymer 

to produce a sustainable blend as an alternative to the commercial non-renewable option. 

Polypropylene (PP) is among the cheapest and most used plastics available today, having 

good tensile and flexural properties but relatively low impact strength. It has a linear hydrocarbon 

structure similar to LLDPE. PP materials have a wide variety of applications in the automotive, 

packaging and construction industries [70]. Researchers have investigated PP materials blended 

with various recycled thermoplastics such as polyester, high-density polyethylene (HDPE) and 

polyethylene (PE) [71]-[73]. No significant research was found regarding blending PP with 

recycled LLDPE to produce packaging products having excellent tensile and flexural properties as 

well as good impact strength. Therefore, PP could be an excellent choice to be investigated as a 

blend with LLDPE.  

Natural fiber-based composites are also considered one of the great sustainable alternatives 

to the synthetic material based composites. Natural fibers have various significant advantages over 

their synthetic counterparts such as abundant availability, lower cost, lower environmental impact 

and easier processing [74], [75]. Among natural fibers, agave fiber has drawn significant attention 
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for making automotive parts. Ford is considered one of the leading automobile manufacturing 

companies and has researched and utilized sustainable bio-based materials in their vehicles from 

the year 2000 [76], [77]. Agave fibers are derived from the Agave americana plant and it is largely 

produced as a co-product in the tequila industry [77], [78]. It contains 68–80% cellulose, 15% 

hemicellulose, 5–7% lignin and 0.26% wax [79], [80]. Despite agave fiber-based composites 

having many desirable properties, they have been the subject of little published research. 

Annandarajah et al. [80] found that the highest elastic moduli and yield stress were reached at 20 

wt.% agave fiber blended separately with LLDPE, HDPE and PP. Singha et al. [75] showed that 

polystyrene materials blended with 20 wt.% of agave fiber had the highest mechanical 

characteristics. Other researchers have used different natural fillers to obtain sustainable 

biocomposites. Youssef et al. [81] prepared composites with corn husk fibers and recycled LDPE 

by melt extrusion and found increased tensile properties but decreased hardness with an increase 

of the fiber loading. Lei et al. [82] investigated recycled HDPE with bagasse fiber and described a 

similar tendency, an improvement in the moduli by about 50% by incorporation 30 wt.% of 

bagasse fiber. Hence, it is deduced that around 25 wt.% of the natural filler in the composites gives 

optimum mechanical properties. 

Mechanical characteristics of the natural filler based thermoplastic composites can be 

improved by the incorporation of a suitable compatibilizer in the polymer matrix. Thermoplastic 

polymers such as PP, PET, polybutylene succinate (PBS), etc. have been combined with natural 

filler such as miscanthus, lignin and wood to produce biobased sustainable composites that can be 

used in automotive, packaging and electronics industries [83]. Natural fillers have various 

advantages over conventional synthetic fillers, as described earlier, but exhibit poor mechanical 

properties when blended in the composites because these fillers are hydrophilic, and thus 
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incompatible with the hydrophobic matrix polymer [84]. A suitable compatibilizer can help to 

overcome this shortcoming by enhancing adhesion between the fiber and matrix phases, and 

consequently enhancing the mechanical properties of the composite. Abdelwahab et al. [85] found 

that a combination of MAPP and EBGMA compatibilizer provided improved tensile, flexural and 

impact strength which could not be achieved using only MAPP or EBGMA. Zhang et al. [86] 

found that a single compatibilizer system such as MAPP only improves the flexural and tensile 

strength of recycled PET/PP blend but reduced its impact strength, while a mixture of MAPP and 

POE-MA or EVA-MA maintains the balance between all significant mechanical properties. 

Muthuraj et al. [87] observed that compatibilized composites displayed better fiber-matrix 

interaction, whereas the uncompatibilized composites showed poor interface between the fiber and 

matrix phases. It was reported that tensile, flexural and impact strength increased by 37.5%, 18% 

and 59% respectively, for composites containing 5 wt% MA-g-PBS/PBAT compatibilizer and 

30% miscanthus fiber compared to composites with 30% fiber but without compatibilizer. Gao et 

al. [88] also reported that grafting modification by maleic anhydride compatibilizer enhanced the 

flexural and tensile properties of PP/PE composite materials having wood particles as a natural 

filler. Thus, the incorporation of a suitable compatibilizer is essential to enhance the mechanical 

properties of a thermoplastic composite by enhancing the compatibility of the phases in the 

composite system. 

The aim of this research is to study the effect on the performance of adding recycled 

LLDPE (bale wrap) and agave fiber to neat PP with a compatibilizer content variation of 1–3 wt.%. 

Incorporation of synthesized compatibilizer (maleic anhydride grafted PP/LLDPE) in the 

composite helps to improve the interfacial adhesion between the two different polymers (PP and 
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recycled LLDPE) and natural filler (agave fiber), which will further increase the mechanical 

performance of the composite. 

3.2  Materials and methods 

3.2.1 Materials 

Waste agave fiber was acquired from the city of Tequila, Mexico. All the details of the cleaning 

and sieving of the agave fiber (425–500 µm) have been described elsewhere [77]. A typical agave 

Americana plant is showed in the figure 3-2a [77]. After extracting the fiber from the leaves of the 

plant, it was collected as fiber as shown in figure 3-2c. It went through the grinding machine (figure 

3-2b) and acquires the short fiber shape shown in figure 3-2d. After sieving the fiber, it was oven-

dried at 75oC prior to processing.  

 

 

 

 

 

a)                                                                              b) 
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                               c)                                                                              d)          

Figure 3-2: a) Agave Americana plant, image taken with the permission of istock(1163058531-319241038) b) 

Fiber extracted from the leaves are grinded in the grinding machine, c) Before grinding and d) after grinding 

fiber 

Agriculture waste bale wrap produced from LLDPE was received from Don Nott, Nott Farms, 

Clinton, ON, Canada. The rLLDPE bale wrap was wiped and cleaned of compost and soil, dried 

in an oven at 80oC then extruded using a counter-rotating twin-screw extruder, Leistritz 

(Germany), at 180oC shown in figure 3-3a and screw speed 100 rpm. In figure 3-3b, the recycled 

LLDPE extrudate were coming from the extruder which is followed by pelletizing shown in figure 

3-3c. 

 

 

 

 

 

                                                                             a) 
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                                        b)                                                                             c)       

Figure 3-3: a) Waste LLDPE is feeding to the extruder, b) Recycled LLDPE extrudate coming from the 

extruder and c) Pellets of recycled LLDPE 

Polypropylene (PP) pellets from Pinnacle Polymers, USA under the trade name PP 1350N 

were mixed with rLLDPE (50:50 ratio) as the matrix. Two types of compatibilizers were used in 

the study to compare their effectiveness in the biocomposites. They were industrial compatibilizer 

(MAPP/MAPE) and synthesized compatibilizer (MAPP/rLLDPE). Industrial compatibilizers 

polypropylene-grafted maleic anhydride (MAPP) and polyethylene-grafted maleic anhydride 

(MAPE) under the trade name Fusabond P353 for MAPP and Fusabond M603 for MAPE were 

purchased from Dupont (NC, USA). 

3.2.2 Preparation of synthesized compatibilizer (maleic anhydride grafted PP/recycled 

LLDPE (MAPP/rLLDPE)  

The synthesized compatibilizer was prepared in the laboratory using grades of PP and 

recycled LLDPE. LLDPE was dried in an oven at 75°C overnight before processing. The 

composition was at a weight ratio of 50:50 (PP/rLLDPE), with 2.5 phr of maleic anhydride (MA) 

(Sigma-Aldrich, USA) and 0.5 phr of initiator Luperox 101 (2,5-bis(tert-butyl-peroxy)-2,5-
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dimethyl-hexane) (Sigma-Aldrich, USA). The PP and rLLDPE pellets were mixed manually with 

MA powder in a plastic bag for 2 min. The desired amount of the initiator was dispersed in 1 g of 

acetone to give uniform mixing of Luperox with the polymer pellets and left in a fume hood for 

30 min before processing. MAPP/rLLDPE was produced via reactive extrusion using a counter-

rotating twin screw extruder, Leistritz (Germany), at 180°C with a screw speed of 60 rpm. The 

compatibilizer strands were cooled in a water bath, pelletized and kept for 3 days in a vacuum 

oven at 80oC to remove the unreacted maleic anhydride. The grafting degree was determined 

similarly to the procedure by Muthuraj et al. [89] using the back-titration method. The percantage 

of grafting was found to be 3.43%. 

3.2.3 Biocomposite fabrication 

Waste LLDPE and PP pellets (50:50 ratio) were mixed before processing. The 

biocomposites with 25 wt.% agave fiber were fabricated by adding different amounts (1, 2, 3 %) 

of synthesized or industrial compatibilizer (Table 3-1). The biocomposites were prepared at 180°C 

by a twin-screw counter-rotating extruder with a screw speed of 100 rpm and 2 min mixing 

followed by injecting molding (DSM, Netherlands). 

Table 3-1: Formulations of the biocomposites 

Code 
Agave fiber 

(wt.%) 

PP 

(wt.%) 

rLLDPE 

(wt.%) 

Industrial 

Compatibilizer 

(MAPP/MAPE) 

Ratio (50:50) 

(wt.%) 

Synthesized 

Compatibilizer 

(MAPP/rLLDPE) 

Ratio (50:50) 

(wt.%) 

PP 0 100 0 0 0 

rLLDPE 0 0 100 0 0 

PP/rLLDPE 

50:50 
0 50 50 0 0 

25% Agave 25 37.5 37.5 0 0 

1% Ind comp 25 37 37 1 0 

2% Ind comp 25 36.5 36.5 2 0 
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3% Ind comp 25 36 36 3 0 

1% Syn comp 25 37 37 0 1 

2% Syn comp 25 36.5 36.5 0 2 

3% Syn comp 25 36 36 0 3 
(*) Ind Comp: Industrial compatibilizer; Syn Comp: Synthesized compatibilizer  

3.2.4. Properties measurement 

The surface morphology of the prepared biocomposites was observed by Scanning Electron 

Microscopy (SEM) using a Phenom ProX (Netherlands) at an accelerating voltage of 15kV. The 

impact cryofractured biocomposites were gold-coated for 10 s before the examination. 

Mechanical properties were tested in accordance with ASTM standard methods—ASTM D638 

for tensile tests, ASTM D790 for flexural and ASTM D256 for notched Izod impact strength. 

Tensile and flexural testing used an Instron 3382 while impact testing used a Zwick Roell-HP25 

impact tester, Germany. The tensile and flexural properties were measured at crosshead speeds of 

50 mm/min and 14 mm/min, respectively.  

Heat Deflection Temperature (HDT) was measured using a three-point cantilever on a 

DMA (Dynamic Mechanical Analyzer) Q800, TA Instruments, using a 2oC/min heating rate and 

0.455MPa load in accordance with ASTM D648. The result was taken as the mean of two 

replicates. 

FTIR spectra of the biocomposites were obtained to help predict fiber-matrix interaction 

by observing bond formation using a Nicolet 6700 (Thermo Fisher, USA) with a 4 cm-1 resolution. 

The rheological characteristics of the PP/rLLDPE matrix and agave fiber composite 

samples were obtained using an Anton Paar MCR-302 rheometer. The measurements were made 
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at a strain of 1% (within the linear viscoelastic region) using parallel plate geometry and a 

temperature of 1800C. The plates had a gap of 1 mm, while the plate diameter was 25mm. The 

frequency was varied between 0.05 and 600 rad/s. 

Thermal properties were measured using Differential Scanning Calorimetry (DSC) (Q200 

TA Instruments, USA). Samples of about 6 mg were subjected to a heating/cooling/heating cycle 

from -70 to 250 ºC under inert gas (N2) with a heating and cooling rate of 10°C/min. Two samples 

were tested for each material. The crystallinity (Xc). of PP and rLLDPE was calculated according 

to the following equation (3-1): 

𝑋𝑐 =  
∆𝐻𝑚

(∅)∆𝐻𝑚
∗ × 100                  (Eq. 3-1) 

where ∆𝐻𝑚 is the melting enthalpy of the matrix,  is the weight fraction of PP or rLLDPE in 

respective samples, and Hm* is the 100% melting enthalpy of perfectly crystalline PP (207.1 

J/g) or rLLDPE (293 J/g) according to theoretical measurements.  

Density measurement of the matrix and composite materials was made using a MD-300S 

densimeter, Alfa Mirage, Japan. 
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3.3 Results and discussion 

3.3.1 Mechanical characteristics  

The rule of mixture (ROM) values of tensile modulus and tensile strength were calculated 

using the equation (3-2): 

Ec = EmVm + EfVf                  (Eq. 3-2) 

Where Vm and Vp are the volume fraction of the matrix polymers and the filler (agave fiber 

properties are taken from [80, 92]) respectively and Em and Ep is the respective properties of 

matrix and the polymers. Ec is the final value of the blend/composite property. 

  

 

 

 

 

Figure 3-4: a) Tensile modulus of the blends and the composites with respect to the tensile modulus 
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Figure 3-4: b) Tensile strength of the blends and the composite with respect to the tensile strength ROM values 

 

In figure 3-4a and b, tensile modulus and tensile strength of the blends and the composites 

are shown with respect to the ROM values of the respected properties. The initial matrix blend was 

PP/rLLDPE in 50:50 ratio. The blend was changed to 70/30 ratio of PP/rLLDPE to see the effect 

of an increased amount of neat PP and decreased amount of rLLDPE. As expected, since PP has 

higher tensile modulus and strength than rLLDPE, both of these properties were increased for the 

new blend. 25 wt% agave fiber was reinforced with both of the blends (PP/rLLDPE in 50:50 and 

70/30 ratio) and their respected properties are also shown in the Figure 3-4. By the inclusion of the 

reinforcement phase (25 wt% agave fiber), both tensile modulus and tensile strength were 

increased with respect to their base blend. The ROM property values of the blends were found near 
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the experimental values while the ROM values of the reinforced composite were found very far 

from the experimental values. This is due to the poor fiber-matrix interaction of the hydrophilic 

agave fiber and the hydrophobic PP/rLLDPE matrix. 

Figure 3-5a displays the comparison of the effect of synthesized and industrial 

compatibilizer on tensile and flexural moduli of the composites. The agave fiber acts as a filler 

which greatly enhances the tensile and flexural modulus of the biocomposite. It was reported that 

the addition of agave fiber increases mechanical properties; the maximum elastic modulus was 

observed with a loading of 20 wt.% agave fiber for agave/LLDPE and agave/PP composites and 

the maximum tensile strength was obtained at 30 wt.% fiber loading [80]. Hence, 25 wt.% fiber 

loading was selected for the composite which also included the compatibilizer. The prepared 

agave/matrix showed a similar trend of significant enhancement of the tensile and flexural moduli 

by 50.1 and 53.8%, respectively, with the incorporation of 25 wt.% agave fiber (Figure 3-5). The 

enhancement of modulus is consistent with previous work with the incorporation of high modulus 

agave fiber to the matrix. [90], [91]. Lei et al. [82] investigated recycled HDPE with bagasse fiber 

and reported that a modulus increase of about 50% was obtained with the addition of 30 wt% 

bagasse fiber. The addition of agave fiber to the PP/rLLDPE matrix facilitates stress 

transformation from the matrix to the filler which increased the modulus of the composite. The 

tensile and flexural strength of the matrix and the composites are shown in Figure 3-5b. Similar 

results were obtained for the strength, incorporation of 25 wt.% agave fiber greatly enhanced the 

tensile and flexural strength of the biocomposite. The flexural strength increased from 23.6 MPa 

to 32.8 MPa (38.9 % increase) with the addition of 25 wt.% fiber. 

 



 
 

52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: a) Tensile and flexural moduli and b) tensile and flexural strength of the composite prepared with 

synthesized compatibilizer (Syn Comp) and industrial compatibilizer (Ind Comp) 
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To increase the fiber-matrix interaction, the further addition of the maleic anhydride grafted 

PP/rLLDPE compatibilizer led to an improvement in both strength and modulus (Figure 3-5), 

which proves the positive adhesion effect of the compatibilizer, hence increasing the amount of 

stress transfer from the agave filler to the PP/rLLDPE matrix. In Figure 3-5, both synthesized and 

industrial compatibilizer showed improvement in both the tensile strength and modulus of the 

composite. The compatibilizer content was varied from 1–3 wt.% of the composite and 2 wt.% 

compatibilizer content showed the optimum result. 

In the case of synthesized compatibilizer, higher tensile and flexural moduli were achieved, 

which was because of the better mixing of the compatibilizer and the filler in the composite. This 

is related to the synthesis procedure of these two types of polymer (PP and rLLDPE). In the case 

of synthesized compatibilizer production, the maleic anhydride, PP and rLLDPE were all mixed 

in the extruder; while in the case of industrial compatibilizer system, MAPP and MAPE were 

combined in the extruder with the other components. The addition of 2 wt.% synthesized 

compatibilizer increased the tensile modulus of the composite from nearly 1000 MPa to 1700 MPa, 

while 2 wt.% industrial compatibilizer increased it to 1500 MPa. Flexural modulus was also 

increased by the addition of the compatibilizer, for instance, 1350 MPa was achieved for 2 wt.% 

compatibilizer, where the flexural modulus of the matrix was 850 MPa (Figure 3-5). 

The increment in strength can also be explained by the adhesion effect of the 

compatibilizer, which was also observed in the composite modulus increase. Significant 

improvement of flexural strength was observed at 25 wt.% fiber loading with 2 wt.% 

compatibilizer content showing optimum properties. The rigid character of agave fiber caused an 

increase in tensile and flexural strength. From Figure 3-5, it is seen that around 37.5% increment 
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in flexural strength with respect to matrix flexural strength was achieved with 25 wt.% fiber 

loading, which could be further increased to 56.3% with the addition of 2 wt.% compatibilizer. 

The notched Izod impact strength and heat deflection temperature (HDT) of 

agave/PP/rLLDPE composites are shown in Figure 3-6. The impact strength of PP/rLLDPE matrix 

was found to be 183 J/m which sharply decreased to 85 J/m after the addition of 25 wt% fiber 

loading. Previous research on agave fiber blended with PP or LLDPE also claimed that 

incorporation of the fiber reduced the impact strength [80], [90], [91]. This is due to the hydrophilic 

nature of agave fiber and the hydrophobic nature of the polyolefin (PP/rLLDPE) matrix, which 

gave rise to poor fiber-matrix interaction. The further addition of maleic anhydride grafted 

compatibilizer to the system did not show any significant change in the impact strength of the 

composite. Some authors [84], [93] also showed that the incorporation of MAPP compatibilizer in 

PP composites had no  
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Figure 3-6: Izod Impact strength (notched) and heat deflection temperature (HDT) of the composites prepared 

with synthesized compatibilizer (Syn Comp) and industrial compatibilizer (Ind Comp) 

significant effect, and rather it decreased the impact strength of the composite when the 

compatibilizer content was increased. Overall, the optimum sustainable composite was achieved 

using 2 wt.% of the synthesized compatibilizer; the tensile and flexural strength increased by 

24.4% and 14.1%, respectively. Moreover, the tensile and flexural moduli increased by 13.1% and 

3.5% compared to composite without compatibilizer.   

3.3.2 Heat deflection temperature (HDT) 

The heat deflection temperature is a significant physical property which indicates the 

polymer’s ability to retain its stiffness under specific temperature and load. This temperature also 

governs the design and application of the final material. Figure 3-6 displays the HDT of 

PP/rLLDPE matrix which was found to be 58.2 oC. The HDT value of the matrix reached 102 oC 

with the addition of 25 wt.% agave fiber, which was a nearly 75% increase. The improvement of 

the HDT values with the addition of agave fiber is due to the reinforcement effect of the filler and 

also agrees with the enhancement of the modulus that was reported earlier in Figure 3-4. In general, 

the addition of natural fiber enhances the HDT of the composites [77], [94]. The addition of 

industrial compatibilizer (MAPP/MAPE), slightly lowered the HDT. For example, the HDT 

reduced from 102 oC to 98 oC with the inclusion of 1 wt.% industrial compatibilizer to the 

composite sample. However, the addition of synthesized compatibilizer enhanced the HDT of the 

composite. The addition of 1 wt.% synthesized compatibilizer enhanced the HDT by around 3 oC 

(105 oC) compared to uncompatibilized composite. This indicates the resistance to the flow of the 

material at high temperature and good interaction and a stable network between the matrix and 

agave fiber by the inclusion of synthesized compatibilizer. Overall, the optimal sustainable 
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composite of 25 wt.% agave fiber and 2 wt.% synthesized compatibilizer had high tensile strength 

and modulus as well as HDT compared to industrial compatibilizer and uncompatibilized 

composite. 

3.3.3 FTIR characterization 

 

Figure 3-7: FTIR data of the matrix (PP/rLLDPE 50:50), 25wt.% agave, 2wt.% industrial compatibilizer (ind 

comp) and 2wt.% synthesized compatibilizer (syn comp) from a) 3000–3800 cm−1, b) from 500–4000 cm−1 and 

1600–1800 cm−1 

FTIR spectra were used to estimate the interaction between the matrix (PP/rLLDPE 50:50) 

and agave fiber, with and without the compatibilizer, as shown in Figure 3-7. The expanded spectra 

in the region of 3000–3800 cm-1 and from 1600–1800 cm-1 are shown in Figure 3-7 (a) and (c) for 

better clarification. The matrix displayed prominent peaks in the region of 1400–1460 cm-1 and 

2850–2960 cm-1 corresponding to the -CH2 and -CH3 groups of PP and PE. Incorporation of 25 

wt.% agave fiber produced peaks at 1734 and 3375 cm-1 corresponding to C=O and -OH group of 

agave fiber. With the incorporation of the compatibilizer, the C=O group broadened and increased 

in intensity, indicating the formation of an ester peak between the maleic anhydride and the 

hydroxyl group of the agave fiber (Figure 3-7c). The broadness of the peak was more prominent 

in the case of synthesized compatibilizer than for industrial compatibilizer. Similar results of the 
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interaction between maleic anhydride and natural fiber have been observed in other studies [85]. 

The difference in the intensity of the carbonyl group of the fiber with the incorporation of the 

compatibilizer confirms the interaction between the matrix and agave fiber, as shown in Scheme 

3-1. 

 

Scheme 3-1: Mechanism of compatibilizing agent effect on the interface between agave fiber and bale wrap 

rLLDPE and PP matrix prepared with synthesized compatibilizer (Syn Comp) and industrial compatibilizer 

(Ind Comp) 
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3.3.4 Morphological characterization 

Morphological characterization of cryo-fractured surfaces of PP/rLLDPE matrix and agave 

fiber composite samples, with and without compatibilizer, were analyzed using SEM. PP/rLLDPE 

50:50 matrix showed a co-continuous morphology (Figure 3-8a) and it was very difficult to 

distinguish between the two polymers. Zhang and Ajji [95] found that no cross-orientation was 

detected in PP/LLDPE blend. Figure 3-8 (b) and (b’) show phase separation and pull out between 

the agave fibers and the matrix, indicating the weak interface and poor interaction between the 

matrix and the fiber. The inclusion of 2 wt.% compatibilizer enhanced the compatibility and the 

adhesion between the matrix and the fiber, as shown in Figure 3-8 (c) and (d). Cisneros-Lopez et 

al.[96] obtained a good interface by blending LLDPE/agave fiber in the presence of MAPE as a 

compatibilizer. However, there was not much difference between the use of industrial and 

synthesized compatibilizers, as shown in Figure 3-8. This result indicates that the compatibilizer 

played a role in the enhancement of the compatibility between the matrix and agave fiber. 
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Figure 3-8: SEM images of cryofracture of a) PP/rLLDPE 50:50; b and b’) 25wt.% agave; c and c’) 2wt.% 

industrial compatibilizer (ind comp); and d and d’) 2wt.% synthesized compatibilizer (syn comp) samples 

3.3.5 Rheological characterization 

Rheological properties are another important factor as they represent the flow of the 

polymer in its molten state. The complex viscosity and storage modulus of the matrix and 

biocomposites, with and without the compatibilizer, are shown in Figure 3-9. Neat PP/rLLDPE 

50:50 matrix showed a reduction in the Newtonian plateau as compared to neat PP that was seen 

in a previous paper [97]. At higher frequency, the polymer matrix showed shear thinning behavior. 

The complex viscosity and storage modulus of PP/rLLDPE matrix increased after the inclusion of 

25 wt.% agave fiber at lower and higher angular frequencies (Figure 3-9). Previous studies showed 

the same behavior that the complex viscosity and storage modulus increased with the incorporation 

of the natural fiber [98], [99]. This is due to the fiber hindering the mobility of the polymer chains 
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and increasing collisions between the fiber particles. This behavior is more predominant at a lower 

frequency level. Incorporation of the agave fiber also decreased the Newtonian plateau which 

disappears with the inclusion of compatibilizer. This is due to the rigidity of agave fiber in the 

polymer matrix which restricts the movement of the matrix chains [85]. At lower frequencies, the 

storage modulus increased with the incorporation of compatibilizer resulting from the 

deformability of the dispersed phase of fiber particles in the matrix [79]. Incorporation of maleic 

anhydride grafted compatibilizer (synthesized or industrial compatibilizer) increased the complex 

viscosity at lower and higher frequencies due to improved compatibility and interfacial adhesion 

between agave fiber and the matrix, as confirmed by SEM data. However, there was not much 

difference in rheological characteristics between using industrial and synthesized compatibilizers, 

as shown in Figure 3-9. 
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Figure 3-9: Rheological properties (a) complex viscosity, (b) storage modulus G′, and (c) loss modulus G″ of 

the PP/rLLDPE 50:50 matrix, 25% agave; 2% industrial composites (ind comp), and 2% synthesized 

composites (syn comp) as a function of angular frequency at 180 °C and fixed strain of 1% 

3.3.6 Thermal properties (DSC) 

Figure 3-10 and Table 3-2 show the DSC (2nd heating) of PP/rLLDPE matrix and its 

composites. Since the composite contains two types of polymer in the matrix, i.e. PP and rLLDPE, 

there are two individual peaks. PP and rLLDPE in the matrix blend had melting temperatures (Tm) 

of 64°C and 124°C, respectively. The Tm of rLLDPE and PP remained consistently unaffected in 

all composites at ~124°C and ~164°C, respectively. Annandarajah et al. [80] showed that there is 

no significant change in the Tm of polyolefin (PP, LLDPE, HDPE) by the inclusion of agave fiber. 

The percentage of crystallinity for all samples also varied with compatibilizer content. The 

incorporation of agave fiber reduced the crystallinity of the composites. High agave fiber content 

(25 wt.%) showed a decrease of 10% and 15% in Xc for the PP & rLLDPE components in the 

composites, respectively, due to the reduction in the amount of polymer and the fibers restricting 

the movement of the polymer chains [96], [100]; which is also supported by the increased of tensile 

and flexural moduli. However, the composite with 2 wt.% compatibilizer showed higher PP 

crystallinity than uncompatibilized samples, which is also supported by the fact that it had better 

mechanical properties than the others. 
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Figure 3-10: DSC 2nd heating curve of the composites 

Table 3-2: Thermal properties of PP/rLLDPE composites from the second DSC heating scan 

Sample 
Tm (˚C) ΔHm (J/g) Xc (%) 

2
nd

 heating 2
nd

 heating 2
nd

 heating 

PP 
163.5 

(0.3) 

103.8 

(0.7) 

50.1 

(0.5) 

rLLDPE 
124.3 

(0.02) 

74.8 

(7.74) 

25.52 

(1.35) 

PP/rLLDPE 

(50:50) 

PP rLLDPE PP rLLDPE PP rLLDPE 

163.0 

(1.1) 

124.3 

(0.6) 

41.5 

(0.46) 

14.1 

(4.1) 

40.1 

(0.5) 

9.65 

(2.8) 

25% Agave 
164.7 

(0.2) 

125.1 

(0.1) 

30.9 

(1.1) 

11.7 

(2.1) 

39.8 

(1.4) 

10.1 

(1.9) 

2% Ind Comp 
163.6 

(2.2) 

124.9 

(1.2) 

32.3 

(3.1) 
11.1 

(2.6) 

42.7 

(4.1) 

10.4 

(2.4) 

2% Syn comp 
164.4 

(3.0) 

125.0 

(1.7) 

31.6 

(3.1) 

10.7 

(2.1) 
41.9 

(4.2) 

10.7 

(2.1) 
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3.3.7 Density characteristics 

Density plays a significant role in determining the final weight of the product. Low density 

composites are an excellent choice for automotive parts due to their role in decreasing the weight 

of the vehicles, which improves fuel efficiency [70]. The key benefit of agave fiber as a filler 

material is that it has a much lower density (1.2 g/cm3, according to our result) than commercial 

fibers, i.e. glass fiber having a density of 2.6 g/cm3 [101]. Density data of PP/rLLDPE and its 

composites are presented in Table 3-3. PP/rLLDPE matrix has a density of 0.93 g/cm3 which is 

increased by the addition of agave fiber. However, the addition of the compatibilizer did not show 

any significant change in the density with respect to the agave/matrix. The calculated densities of 

the formulations with compatibilizer lie between 1.02 and 1.03 g/cm3. 

Table 3-3: Density of the PP/rLLDPE matrix and the composites 

Formulation Density 

(g/cm3) 

PP/rLLDPE Matrix (50:50) 0.929 ± 0.0004 

Agave/Matrix (25/75) 1.020 ± 0.002 

Agave/Matrix/Synthesized compatibilizer (25/73/2) 1.030 ± 0.005 

Agave/Matrix/Industrial compatibilizer (25/73/2) 1.016 ± 0.0012 

3.4 Conclusions 

Sustainable composites were produced by injection molding from recycled bale wrap 

LLDPE/polypropylene (PP/rLLDPE 50:50) matrix and 25 wt.% waste agave fiber with a 

compatibilizer content variation (1–3 wt.%). Incorporation of synthesized compatibilizer (maleic 
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anhydride grafted PP/LLDPE) in the composite improved the interfacial adhesion between the two 

polymers (PP and recycled LLDPE) and agave fiber more than industrial compatibilizer 

(MAPP/MAPE 50:50). Furthermore, the addition of compatibilizer significantly increased the 

tensile and flexural properties of the composite without any significant change in the impact 

strength. The optimum sustainable composite was achieved using 2 wt.% of the synthesized 

compatibilizer with the tensile and flexural strength increasing by 24.4% and 14.1%, respectively. 

Moreover, the tensile and flexural moduli increased by 13.1% and 3.5% compared to composite 

without compatibilizer. HDT of the agave fiber composite with 2 wt.% synthesized compatibilizer 

showed around 18 % enhancement compared to composite without compatibilizer. Scanning 

electron microscopy showed poor adhesion between the matrix and the agave fibers. However, the 

addition of compatibilizer helped in the adhesion and interaction between the matrix and gave 

fiber, as confirmed from FTIR analysis. Moreover, the adhesion between the matrix and agave was 

also confirmed by the increase in the complex viscosity and storage modulus of (PP/rLLDPE)/25 

wt.% agave fiber composites after the inclusion of the compatibilizer. This type of novel 

sustainable and recycled plastic-based composite could be widely used in manufacturing 

packaging materials and commodity products and help in decreasing the waste produced from non-

degradable polymers. 
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Phase separation can be observed by the morphological study (SEM) which is due to the 

poor interaction between polar fiber and non-polar matrix. Thus, the fiber-matrix interface 

adhesion is greatly improved by the addition of the compatibilizer. 

Again, the compatibilizer is also responsible for the improved tensile and flexural 

properties which restricted the mobility of the polymer matrix. It is notable that the addition of 

MAPP had little effect on the impact strength of PP composites.  

After the addition of agave fiber, both heat of enthalpy (ΔHm) and crystallinity supposed 

to decrease, since fiber acting as a restrictor of the polymer chains which is also supported by the 

increased value of tensile and flexural modulus. 

LLDPE showed significant improvement in impact strength in the matrix phase (while 

blended with PP). Hence, higher impact strength could be achieved if the recycled LLDPE content 

increases in the composite, but tensile and flexural properties would decrease since LLDPE has 

poor tensile and flexural strength. Future investigation can be carried out by introducing impact 

modifier in this composite along with the compatibilizer to find out the optimum properties.  

Further analysis of DMA to observe the loss modulus of the composite and optical microscopy 

could also be carried out to deeply understand the composite characteristics and the phase 

interactions. 

The proposed research has some great significance on the ‘circular economy’ which 

involves renewable and bio-based materials production. The proposed composite can contain up 

to 62.5% renewable content which is advantageous compared to its synthetic counterparts. This 

research will also help to conserve fossil resources by manufacturing eco-friendly materials. 

Sustainability is also achieved by securing its three pillars social, environmental and economic 
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aspects. The social aspect includes the icreament of employability opportunities for the processing 

of waste plastic recycling, while the environmental aspect includes reduction of the waste plastics 

in the environment which further reduces carbon footprint by utilizing bio-based (agave fiber), 

renewable (bale wrap) materials. The economic aspect of this research provides a manufacturing 

process that involves the reduction of cost in packaging, automotive materials as well as a great 

deal of energy can be saved by utilizing this eco-friendly process. 
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